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Chapter 1: Introduction
1.1 Problem statement
What is the problem? The problem of corrosion has affected all industrial sectors including 
refineries, manufacturing plants, utilities, bridges, shipping, pipelines and storage; which is 
costing the world in excess of AU$2.2 trillion per year (AU$13 billion in Australia and 
$AU246 billion in the United States of America) (CSIRO Australia, 2010). The cost of 
corrosion in industry is dominated by the utilities sector and 75% of the utilities sector is 
covered by the Drinking Water and Sewer Systems category (US$36 billion annually) (Koch 
et al., 2001). In 2010, Sydney Water spent over $54 million to rehabilitate 16 km of large 
sewers alone (Sydney Water, 2010a). The sewage system in Australia is old, some age up to 
100 years old (Sydney Water, 2010b). Since the cost of replacing the whole sewer system is 
significantly high, the best alternative is to rehabilitate the sewer. An example for 
rehabilitating the sewer is by applying protective coatings, in which the mechanism of the 
coatings' degradation needs to be understood.
What causes the problem? The generation of corrosive conditions, in the head space of 
sewers in gravity systems, near points of turbulence and particularly in the vicinity of rising 
mains discharge, or in nearby pumping stations in pressurised sewers, as a result of 
biological activity has long been recognised (Aviam et al., 2004, Sand and Bock, 1991b, 
Vincke et al., 2002). The actions of these organisms and their metabolic bioacid products are 
often referred to as 'microbiologically induced corrosion or MIC'. At present MIC is 
attributed primarily to the actions of Thiobacillus bacteria its metabolic product, sulfuric 
acid. It is well established that other organisms proliferate in the sewer. Organisms that 
grow in the sewer includes fungi, T thioparus, T. novellus, T. neapolitamus, T. intermedius 
(Parker, 1947, Islander et al., 1991), and their corresponding metabolic products are nitric 
acid, polythionic acids, acidic gasses such as carbon dioxide (C02), nitric dioxide (N02) and 
sulfur dioxide (S02) (Davis et al., 1998, Okabe et al., 2007). The actions of these organisms 
have been suggested to occur in sequence. Therefore, the affect of bacterial activity on 
sacrificial coatings needs to be distinguished and understood.
How has it been resolved and with what success? In order to protect the concrete in the 
sewer, rehabilitation technologies are applied on to the surface of the cement. The
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challenges of sewer rehabilitation include the location, where frequently rehabilitation work 
is needed at heavily developed area. Therefore there is a need to determine the mode and 
frequency of maintenance/repair/rehabilitation that will be most cost-effective and less 
disruptive (Wirahadikusumah et al., 1998). The rehabilitation category includes pipe lining, 
coatings, grouts and robotic rehabilitation. Pipe lining is the installation of a flexible tube 
that has been impregnated with a resin into an existing pipe, or the insertion of a pipe with 
a smaller diameter into an existing pipe. Coatings are protective polymer or cementitious 
layer that is applied on existing pipes for protection against corrosion and abrasion. 
Grouting is used to seal leaking joints and circumferential cracks in existing sewer line. 
Robotic rehabilitation uses robotic machinery to repair isolated cracks and defective joints 
inside sewer lines (Abraham and Ali Gillani, 1999, Garcia et al., 2002). This study will focus 
on rehabilitation of sewer using coatings.
Protective coatings are categorised into two types: polymeric coating and cementitious 
coatings. Polymeric coatings include coatings embedded with epoxy resins or membrane 
liners such as polyvinyl chloride (PVC). Cementitious coatings contain cement which acts as 
a bonding agent for better adhesion to the surface. Examples of cementitious coatings are 
calcium aluminate cement (CAC) and calcareous aggregate cement. CAC is able to resist high 
concentration of acid, in which is suitable for sewage conditions (Schmidt et al., 1997). 
However it appears that the protective coatings, which have previously been used to control 
the effect of corrosion, are no longer effective (Nixon, 1997). Redner (2004) has evaluated 
numerous types of coatings, both polymeric and cementitious and found that 39 out of 96 
successfully completed their feasibility test. This shows that 60% of the manufactured 
coatings are not able to withstand corrosive environment (Redner, 2004). The situation is 
alarming, as both coatings and the concrete pipes are not meeting their design service life 
and in worse case situations, degradation of the concrete continue to occurs at several 
millimetres a year (De Belie et al., 2004). The performances, effectiveness and durability of 
the coatings vary. Currently, most water utility industries rely on manufacturers for the 
quality, technical information and reliability of coatings, which in most cases do not meet 
the expected performance.
To address these issues a fundamental investigation into the degradation of specific lining 
material calcium aluminate cement (CAC) is proposed. CAC has the ability to neutralise
2
acidic environment and is very practical for sewer, since approximately 40 per cent of the 
damage can be attributed to corrosion by biogenic sulfuric acid attack (Kaempfer and 
Berndt, 1999). A schematic of the knowledge gaps of the thesis is shown in Figure 1.
•produces organic 
acids that causes 
corrosion
•Leaching?
•Redox?
• Precipitation?
Figure 1: Schematic of knowledge gaps of thesis 
1.2 Research Objectives
This study aims to build the sciences and the database that could be used for developing a 
protective system for sewer pipes based on calcium aluminate cement (CAC). The specific 
aims are:
1. Investigate the sequential growth of organism on CAC and the effect on 
microbiologically induced corrosion (MIC). This includes the organism colonisation on 
the surface of the samples placed in the field and the metabolic products.
2. Develop an understanding of the properties of calcium aluminate cement (CAC) 
including composition, mineralogy, and neutralisation capacity and their potential 
impact on corrosion rates.
3. Investigate the conversion of corroded CAC using analytical techniques such as TGA 
and XRD, while taking into account the chemistry of corrosion (leaching, 
complexation or precipitation processes). Establish the reactions involved in the 
corrosion of CAC and Portland cement with acids using accelerated chemical and 
biological test in the laboratory. Define on the dominating pathway of conversion of 
CAC whether it is a leaching, complexation or precipitation reaction.
4. Establish the rate determining steps and kinetics of CAC and Portland cement 
dissolution in biogenic acids (oxalic acid) and sulfuric acid, whether the mechanism of 
degradation is mass transfer of reactants and products (bulk diffusion), ion transfer 
(pore diffusion) or dissolution or precipitation (chemical reaction). Validate the 
laboratory findings with samples placed in the sewer (field test).
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1.3 Significance of Research
The outcomes from this study would contribute to the following:
1. Service life of coating: Models to predict the service life of coatings
2. Monitoring protocols: Develop the sciences and database to design suitable 
protection and early warning systems to monitor sewer concrete condition.
1.4 Organisation of Thesis
The thesis is divided into five key sections: Introduction, Literature Review, 
Methodology/Experimental, Results and Discussion and Conclusion. Recommendations for 
future work are also included in this study.
The first section (Chapter 1: Introduction) provides contextual information to the problem 
and identifies the gap of research in electrical impedance study. This section states the 
objective, importance and approach to this study.
The second section (Chapter 2: Literature Review) gives a detailed background of the 
subject, methods and also previous findings. This section will also explain the gap of the 
study that is being explored.
The third section (Chapter 3: Methodology) gives a detail instruction of the technique and 
steps used to verify the hypothesis of the study. The validity and limitations when 
conducting experiments are included in this section.
The fourth section (Chapter 4: Results/Discussion) presents the outcome of this study. The 
results will include the mineralogy and kinetics of sacrificial coating. This will be analysed 
using acid penetration depth of CAC, X-Ray diffraction (XRD), Thermogravimetric analysis 
(TGA), neutralization capacity, microflora analysis and surface/bulk pH.
Chapter 5 is Conclusion and Recommendations Section which ties up all the findings and 
presents suggestions for further studies.
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Chapter 2: Literature Review
2.1 Outline
Literature review combines findings and information from previous researches, analysing 
what has been studied and thus filling in the gap of knowledge. Section 2.2 describes the 
overall sewer corrosion. First, the sewer system and functions is described and the types of 
pipes and construction materials are explained. The construction material is narrowed down 
to concrete, which is known for the structural strength and longevity. Although there are 
numerous causes for degradation of concrete, this study will focus on microbiologically 
induced corrosion (MIC) of cementitious materials. Studies have shown that the significant 
increase of degradation of sewer due to MIC has been contributed by the current changes in 
industrial practices. The organisms and mechanism involved in MIC is explained. This study 
focuses on proving the theory of sequential growth of organism and its affect on MIC.
Section 2.3 focuses on the rehabilitation of sewer using the coating technology. The 
different types of coatings are compared. The type of coating is narrowed down to sacrificial 
coating calcium alumínate cement (CAC). The chemistry of hydration and corrosion and also 
the kinetics of corrosion gathered by other researchers are combined and compared. The 
knowledge of the mineralogical and physical properties will reflect the reactivity of coatings 
in sewer. The reactivity correlates with the chemistry of corrosion, thus can be used to 
estimate the kinetics of degradation. With this, the lifespan of coating can be estimated and 
a parameter of monitoring the coatings in the sewer could be established.
Section 2.5 ties up all the finding and highlights the knowledge gaps and importance of the 
research as a whole.
2.2 Characteristics of Sewer Pipes
This section will concentrate on the sewage system: types of drainage, construction material 
and the cause of corrosion. This includes the microbiological induced corrosion (MIC) on 
concrete and the cause and the affect on the dissolution of concrete.
Sewerage (or drainage) systems are essential in developed urban areas because of the 
interaction between human activity and natural water cycle. Piped systems consist of drains 
carrying the flow from individual properties, and sewers which carries the flow from group
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of properties and larger areas. Sewerage refers to the whole infrastructure, which includes 
pipes, manholes, structures, and pumping stations.
There are two types of drainage: wastewater and stormwater. Wastewater is water that has 
been used to support life, and stormwater is rainwater (including precipitation) that has 
fallen onto built-up area (Butler and Davies, 2000). If urban drainage system is not handled 
properly, it would cause environmental problems such as floods, overflows, damages, 
building fractures which would then create health risks. Therefore a suitable sewer and 
drainage system is fundamental to the infrastructure of cities and communities.
There are two types of basic centralised technologies for urban sewerage system: the 
combined-sewer system (CSS) and the separate-sewer system (SSS). By design CSS uses a 
single conduit to transport stormwater and wastewater, until they reach the wastewater 
treatment plant. Whereas SSS carries stormwater and wastewater separately, and often 
parallel to each other (Burian et al., 2000, Butler and Davies, 2000).
2.2.1 Raw materials
The pipes and construction material for sewers varies from the anticipated condition of 
service. Factors that may be involved and should be considered are (Butler and Davies, 
2000, Bizier, 2007):
• Intended use -  type of wastewater
• Scour or abrasion condition
• Installation requirements -  pipe characteristics and sensitivities
• Corrosion condition -  chemical, biological
• Infiltration/exfiltration requirements
• Product characteristics -  pipe size, fitting and connection requirements, laying length
• Cost effectiveness -  materials, installation, maintenance, life expectancy
• Handling requirements -  weight, impact resistance
• Physical properties -  crush strength for rigid pipe, pipe stiffness, soil conditions, pipe 
flexural strength
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General requirement for all materials used in gravity sewers could be found in BS EN 
476:1998 General requirements for components used in discharge pipes, drains and sewers 
for gravity systems. There are also a list of cement standards and concrete standards 
developed by ASTM. The typical materials used for sewers are categorised into two types: 
flexible and rigid pipes (Bizier, 2007):
• Flexible pipes
• Ductile iron pipe (DIP)
• Thermoplastic pipe -  include polyethylene (PE) and polyvinyl chloride (PVC)
• Thermoset plastic pipe -  include reinforced plastic mortar (RPM) and reinforced 
thermosetting resin (RTR)
• Steel pipes
• Rigid pipes
• Concrete pipes
• Vitrified clay pipes (VCP)
The size and construction material of a sewer pipe must comply with the optimum hydraulic 
and structural properties required. Table 1 gives size ranges for pipes with British/European 
and ASTM standards.
Table 1: Pipe materials: size ranges and standards (Bizier, 2007, Butler and Davies, 2000)
Material Normal size range 
(mm)
Principal British/European and ASTM  
standards
Flexible Pipes
Ductile Iron (DIP) 8 0 - 1 6 0 0 BS EN 598, ASTM  A746
Therm op lastic (e.g. PE, PVC) 7 5 -  1200
BS 4660, BS 5481, ASTM  D2751, ASTM  
D2680, ASTM D 3034, ASTM  F894
Therm oset plastic 2 0 0 - 3 6 0 0 ASTM  D3262, ASTM  D2996
Steel 200 -  3000 BS 534
Rigid Pipes
Concrete 100 -  5000 BS 5911, ASTM  C14, ASTM  C76
Vitrified clay pipes (VCP) 75 -  1000 BS EN 295, BS 65, ASTM  C700, ASTM  C425
Flexible pipes are useful for small pipe size (below 3000 mm) and are light-weighted. 
However for large underground sanitary sewer pipes, flexible pipes are subject to attack by 
organic chemicals and corrosion by acids (Bizier, 2007). Rigid pipes provide a wide range of 
structural and pressure strengths, a wide range of nominal diameter and also resistance to 
chemical attack. For example, vitrified-clay pipes (VCP) are resistant to very dilute chemicals
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except hydrofluoric acid and is produced as standard strength and extra-strength (Perry et 
al., 1997). VCP are made of clay and shale. The disadvantages of using clay are the limited 
size range available, the typical size of VCP pipe is 300 mm or smaller. Therefore concrete is 
mostly used in large sewer system (larger than 3000 mm).
Concrete is made from a mixture of cement and other inorganic aggregate materials. 
Cement by definition is an artificial stone which is composed of a variety of natural stones of 
defined sizes and properties are bound together by a cement matrix and providing strength 
(Kropp, 2001) Cements can be divided into two main classes of constructional cements, 
being non hydraulic cements (which do not set under water) and hydraulic cements 
(Kosmatka 2003). Hydraulic cements are more durable, which sets, hardens and does not 
disintegrate in water (Kosmatka, 2003). The mention of cement in this thesis refers to the 
hydraulic cements, as the non hydraulic cements are not commonly used in modern 
construction.
Cement as a hydraulic binder forms a paste upon mixture with water which sets and 
hardens by hydration (Sprung, 2001, Kosmatka, 2003). The type of cement most commonly 
used in construction of various items is Portland cement (Kosmatka, 2003). Organic 
materials such as latexes and water soluble polymerizable monomers are also sometimes 
used as additives to impart special properties to concretes or mortars (Kosmatka, 2003).
The main components of Portland cement are tricalcium silicate (alite - Ca3Si05 or C3S for 
short), and dicalcium silicate (belite - Ca2Si04 or C2S for short), with two other significant 
phases being tricalcium aluminate (Ca3AI20 6 or C3A for short), and a calcium aluminoferrite 
phase (celite -  Ca4AI2Fe20 i4 or C4AF for short) (Kosmatka, 2003, Merlin et al et al., 2005). A 
small quantity of gypsum (CaS04.2H20 or calcium sulfate dihydrate or CSH 2 for short) or 
anhydrite is also present in cement, added during grinding to control the setting time and 
enhance the strength developed by the cement (Kosmatka, 2003, Merlin et al et al., 2005).
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2.2.2 Coatings
This study will focus on interior coatings for concrete in sewer pipes. Why coat interior 
concrete? Coating provides extra protection for the concrete. Although concrete itself is 
tough, it is still vulnerable to corrosion. Concrete is made with tiny systems of pores that 
absorb water. Other moisture entryways open up when mortar joints in these walls crack or 
crumble. When water trapped in the material is exposed to the elements, it freezes and 
thaws as the temperature changes. That contracts and expands the surrounding area, 
working away at the material bonds. As concrete age, they become even more porous, 
soaking in more moisture and accelerating the damaging cycle. Rehabilitating existing 
concrete by applying a new layer of coating would not only shield the surface from further 
deterioration, but would also be more economical than replacing the entire sewage pipeline 
(Challener, 2008).
There are numerous types of coatings available from industry, depending on the application 
of usage. The coatings are categorised into two types: permanent coating and sacrificial 
coating. In designing protective systems it is necessary to understand the mechanical and 
chemical properties of coatings. The mechanical properties of the protective coatings 
include abrasion resistance, impact resistance, flexibility and burnishing. The chemical 
properties of the coatings include corrosion resistance and hydration products (Croll et al., 
2008).
• Permanent coating
Permanent coatings are polymeric coatings that can be considered 'permanent' as they last 
for a long period of time (typically 30< years). In other words, once applied the coating could 
only be removed by harsh chemicals or water blasting also would require inspection and 
maintenance for the service life that was given by the manufacturer. Examples of 
permanent coatings include epoxy mortars, embedded membrane liners such as polyvinyl 
chloride (PVC) and Rigid and semi-rigid grouted liners.
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Sacrificial cementitious coating
Sacrificial coatings are coatings that are the type of coating that require reapplication after a 
certain period of time as the layer is washed away. Cementitious coatings contain cement 
material which acts like a binder with the concrete surface. Depending on the usage, the 
characteristics of sacrificial cementitious coatings could be modified by changing the 
content. For example, calcareous aggregate cement and calcium aluminate cement is known 
to withstand corrosive environments in sewer, and has been used in South Africa for almost 
40 years (Goyns, 2001). This study is focusing on the use of calcium aluminate cement.
2.2.2.1 Calcium aluminate cement (CAC)
Calcium aluminate cement (CAC) is mainly made up of lime (C or CaO) and alumina (A or 
Al20 3). The lime-alumina (CaO to Al20 3) ratio ranges from 1 to 1.67. CAC, previously known 
as high-alumina cement (HAC) was developed as a solution to the problem of 
decomposition of Portland cement under sulfate attack. The French inventor, Jules Bied 
realised that calcium aluminate cement would provide necessary resistance which is absent 
in calcium sulfates. A patent was then made in France in 1908 and registered in the United 
Kingdom a year later (Hewlett, 2004, Neville, 1975).
There are two main methods of manufacturing calcium aluminate cement on an industrial 
scale:
1. The first is by fusion where the raw feedstock of bauxite and limestone is melted 
together in a reverberatory furnace. The molten material is tapped off and poured into 
steel moulds. The cooled blocks of clinker are broken down into coarse pieces and the 
ground into fine particles in a mill. The standard grades of calcium silicate-based 
cements generated by this method contain 40-50% Al20 3. Refer Figure 2 for a 
schematic diagram of manufacturing of CAC (Hewlett, 2004, Neville, 1975, Scrivener 
and Capmas, 2003).
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Figure 2: Diagrammatic representation of the manufacture of CAC (Neville, 1975)
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2. In the second method, high purity limestone and high purity alumina are sintered 
together in a rotary kiln. This method generates a much purer grade of cement knows 
as high alumina cement with grades of to 80% Al20 3 (Hewlett, 2004, Schmidt et al., 
1997, Scrivener et al., 1999)
The system Ca0 -AI203 has four to five nearly stoichiometric compounds, which can be called 
calcium aluminates including (C=CaO and A= Al20 3): C3A, Ci2A7, CA2 and CA6 and a number 
of less reactive phases derived from impurities of the raw materials (Lind, 2006). Table 2 
provides the approximate composition of standard CAC grades, and comparison with the 
typical composition of Portland cement. Various kinds of aggregates including silica sand 
and dolomite may be used in conjunction with CAC in making concrete. Additives such as 
resins are also included in CAC to improve workability and durability (Scrivener and Capmas, 
2003, Valix et al., 2008).
Table 2: Composition of calcium aluminate cements
Grade Standard low 
alumina
Low alumina, 
low iron
Medium
alumina
High alumina Portland
cement
Colour G rey to  black Light buff or 
grey
W hite W hite G rey
A l20 3 36-42 48-60 65-75 >80 5.6
CaO 36-42 36-42 25-35 <20 65 .5
S i0 2 3-8 3-8 <0.5 <0.2 21 .1
Fe20 3+Fe0 12-20 1-3 <0.5 <0.2 3
T i0 2 <2 <2 <0.05 <0.05 <1
MgO ~1 ~ 0.1 ~ 0.1 <0.1 <2
Na20 ~0.1 ~ 0.1 <0.3 <0.2 <2
K20 ~0.15 -0 .0 5 -0 .0 5 -0 .0 5 <1
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As a rough rule of thumb, the reactivity of calcium aluminate cement increases as the lime 
content increases. C3A is therefore the most reactive of these compounds. This is because 
the dissolution and recrystallisation of compounds with higher proportion of lime is faster. 
On the other hand, the higher the alumina content, the more refractory the calcium 
aluminate compound (see Figure 3, phases on the right have higher melting point).
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Figure 3: Ca0-Al20 3 phase diagram (Lind, 2006)
2.2.2.2 Chemistry of Hydration
The chemistry behind the hydration of CAC is very similar to Portland cement (PC). However 
there are significant differences which includes (Scrivener et al., 1999):
• Hydration products and short and long term strength
• Hydration products and protection of embedded reinforcement
• Hydration products and response to acids
In Portland cement (PC), the dominant hydration product is calcium silica hydrate (C-S-H) 
and calcium hydroxide (CH) is shown in Equation (1) and (2). The primary compound 
hydration reactions are shown in Equation (3) to (6) (Kosmatka, 2003).
loO2 ^ 3 a t age
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2C3S + 11H - > c 3s 2h 8 + 3CH (1)
2C2S + 9H — > c 3s 2h 8 + CH (2)
c 3a + 3C SH 2 + 26H -» C sA S3H32 (3)
2C3A + CeAS3H32 + 4H —» 3C4A SH 12 (4)
c 3a + CH + 12H -» c 4a h 13 (5)
c 4a f + 10H + 2CH —» c 6a f h 12 (6)
(C=CaO; N= Na20; M= MgO; S= Si02; S=S03; H= H20; A= Al20 3; F=Fe20 3)
PC hydration is generally progressive, stable at ambient temperatures and hydration 
product is not expansive. Unlike PC, hydration of CAC is complex with some initial hydration 
being unstable. The proportion of unstable hydrates formed depends on the available water 
and the temperature during curing. CAC hardens by chemical reactions with water and 
remains stable in the presence of water (Neville, 1975, Scrivener et al., 1999). On reaction 
with water, the hydration product is determined by the temperature of hydration. The rapid 
hydration reaction leads to a large release of heat during the early stages of hydration. This 
often heats sections of the hydration products to temperatures up to 70 °C during curing. As 
the reaction is exothermic, the specimen geometry influences the hydration products and 
the strength gain and loss of product. In thick specimens the bulk of CAC will be cured with a 
stable hydrate, inversely for thin specimens. The reactions that will proceed as a result of 
these temperatures are shown in Equations (7) to (9) (Cong and Kirkpatrick, 1993, Scrivener 
et al., 1999):
6CA + 60H —» 6CA H 10 (T<15°C) (7)
i
6CA + 60 H —> 3C2A H 8 + 3A H 3+ 27H (70°C <T<15°C) (8)
1
6CA + 60 H - > 2C3A H 6+ 4 A H 3+ 36H (T>70°C) (9)
(H=H20; C=CaO; A=AI20 3)
The hydration product below 15 °C: CAHio is most unstable. The most stable phases are 
C3AH6 and AH3 and the other phases will inevitably lead to these phases at a rate that 
depends on the temperature and moisture content within the hydrates. The crystal 
structure of C3AH6 is cubic and has the morphology of compact equiaxed facetted crystals, 
whereas AH3 has poor crystallinity and is deposited in formless masses (Newman, 2003).
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The crystallinity structure of CAHi0 is unidentified, but research by Skibstead et al (1993) 
suggested it to be hexagonal. The structure of C2AH8 is hexagonal (Bradbury et al., 1976, 
Skibsted et al., 1993). The phase C3AH6 has the highest density, followed by AH3, C2AH8 and 
CAHio- When there is a conversion from metastable hydrates (CAH10 or C2AH8) to stable 
hydrates (C3AH6and AH3) there is a reduction in solid volume and so increase in porosity and 
reduction in strength at an equivalent degree of hydration. Also, the water that is released is 
available to hydrate any remaining anhydrous phases (e.g. CA) (Newman, 2003). Juenger et 
al. (2010) stated that the formation of metastable hydrates (CAHio or C2AH8) leads to the 
shrinkage of hydrated CAC. Conversely the formation of denser, stable hydrates (C3AH6 and 
AH3) leads to expansion.
The development of strength of the calcium aluminate cement follows an initial rapid rise in 
strength followed by a slower uptake (Scrivener et al., 1999). Thus longer curing periods will 
result in stronger cement structure. The metastable has higher strength compared to stable 
structure of CAC (Juenger et al., 2010). The neutralisation capacity and thus performance of 
CAC will also be directly related to the concentration of C3AH6 and AH3 species. 
Unfortunately these phases are also the most susceptible to acid attack.
The effect of conversion of hydration product can be mitigated by maintaining a water to 
cement ratio (w/c) of 0.4 or less. With this the mixture is deprived of sufficient water to fully 
hydrate to the unstable CAHio with the result that the water lost from the hydrate during 
conversion is taken up by unhydrated CA instead of creating voids. The net reduction in solid 
volume and increase porosity is lessened, thus dense, low porosity mixture are obtained 
after conversion (Newman, 2003). Conversely, if there is a high water to cement ratio 
(w/c>7), nearly all unreactive anhydrous phase CA will react to give metastable hydrates 
CAHio or C2AH8. These phases has low density and low porosity, and when converted to 
stable phases C3AH6 and AH3 there is a considerable decrease of solid volume, increase in 
porosity, and decrease in strength (Newman, 2003).
Study by Chotard et al. (2001) shows the hydration of CAC with water to cement ratio (w/c) 
of 0.4 at 20 °C in 24 hours. The crystallinity of CAC with increasing setting times (El:5h 
15min; E2:5h 45min; E3:7h; E4:7h 50min; E5:8h 15min, E6:24h) is measured by X-ray 
diffraction (XRD) and showed in Figure 4. Within the first 24 hours of curing, the CAC
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mixture is still at a metastable state with CAHi0and C2AH8 phases. In time the CAC mixture 
will inevitably lead to the stable C3AH6 (Chotard et al., 2001).
CAH10» C2AH8* A H 3 a  CA* CA2*
Figure 4: XRD spectra of evolution of CAC with hydration time in 24 hours (Chotard et al., 2001)
Chotard et. Al (2001) also studied the chronology of CAC hydration, which is divided into 3 
steps: (1) beginning of hydration, (2) Le Chatelier's principle where shrinkage and massive 
precipitation of hydrates with progressive transition from amorphous to crystalline forms, 
and (3) completion of hydration, in which the structure approaches final hardness. Figure 5 
shows a schematic representation of chronology of CAC hydration. From Figure 5, it is 
concluded that the crystallinity of CAC is low, as the formation of amorphous and crystalline
structure increases the voids as well.
Step 1: Beginning of hydration
Step 2: Le Chatelier's Principle of shrinkage and massive precipitation of hydrates
H I  Anhydrous CA C  
Water
F I  Amorphous hydrates
Amorphous and 
™  crystalline hydrates
I I Void
Step 3: Completion of hydration
Figure 5: Schematic representation of chronology of CAC hydration (Chotard et al., 2001)
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Other methods to determine the type of hydrates present are thermoanalytic techniques 
such as differential thermal analysis (DTA) and Thermogravimetric analysis (TGA). The 
metastable phases have decomposition peaks in the temperature range of 100-200 °C, while 
the stable phases decompose in the range of 250-350 °C, as shown in Table 3 and the DTA 
measurement in Figure 6 (Cardoso et al., 2004, Newman, 2003).
Table 3: Decomposition temperatures for metastable and phases of CAC
Phase Possible Structure Decomposition temperature (°C)
Metastable
AH3-gel 100
CAH10 120
c2ah8 170-195
Stable ah3 210-300c3ah6 240-370
Figure 6: Thermal analysis using DTA of CAC with hydration time in 24 hours (Newman, 2003)
The complexities of CAC hydration and the effects of composition, water to cement ratio, 
temperature and thickness will affect the performance and quality if CAC produced. The 
physical strength of CAC is known to be achieved within 24 hour of curing, between 40-50 
MPa (Tam et al., 2008).
2.2.2.3 Acid Neutralisation Capacity (ANC)
The acid neutralizing capacity, ANC (sometimes referred to as the buffering capacity) is a 
measure of the amount of base present that can accept hydrogen ions from strong acid and 
refers to the sediment's ability to keep the pH stable as acid is added. Since the extent of 
these acid base reactions is dependent on pH, ANC is a function of pH (Batchelor, 2006,
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Chen et al., 2009, Radtke et al., 1998). The higher the ANC, the more acid can be added 
before the pH falls. A mixture that contains high ANC (high buffering capacity) is able to 
retard the acidification process, even though it contains sulphidic sediments. ANC should 
not be confused with 'Alkalinity' as alkalinity is consist of the sum of titratable carbonate 
and non-carbonate chemical species (Radtke et al., 1998).
In comparison to PC, CAC has a greater ability to neutralise biogenic acids. The portlandite 
(calcium hydroxide, Ca(OH)2 or CH) in PC rapidly dissolves and opens up the porosity to 
further penetration of the acid, which continues to attack the concrete over an increasing 
depth (refer Equation (10)) (Alexander and Fourie, 2011).
CH + 2H+ ->  Ca2+ + 2H20 (10)
This causes the décalcification of the C-S-H gel to leave a structureless silica gel (Scrivener et 
al., 1999). Portlandite is the most reactive and complete dissociates, followed by calcium 
silicates, calcium aluminates and calcium alumino-ferrites (Alexander and Fourie, 2011).
When hydrated, CAC has a two phase response to acid whereby the initial product above pH 
of 4 is insoluble and produces a barrier effect. At pH above 4, acid attack of CAC causes the 
dissolution of calcium component of the other hydrates which leads to the precipitation of 
AI(OH)3 gel that acts as a diffusion barrier, greatly slowing surface attack. The formation of 
AI(OH)3 also fills in pores and protecting the concrete from further attack (refer Equation 
(11)). Although the common alumina hydrate is gibbsite AH3, the phase has poor crystallinity 
in CAC. Therefore dissolution represents the general aluminium hydrate AI(OH)3 instead 
(Lamberet et al., 2008, Scrivener et al., 1999):
C3AH6 + 6H+ -► 3Ca2+ + 2AI(OH)3 + 9H20 (11)
At pH below 3.5, the alumina hydrate dissolves, neutralises more acid and releasing more 
Al3+ (refer Equation (12)).
AI(OH)3 + 3H+ -> a i3+ + 3H20
or
a h 3 + 6H+ — » 2AI3+ + 6H20
*AH3 = Al2(OH)6 = gibbsite
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The overall neutralisation process can be summarized to Equation (13) (Scrivener et al., 
1999):
C3AH6 + 2AH3 + 24H+ ->  3Ca2+ + 6Al3+ + 24H20 (13)
As shown in Equation (13), 24 moles of H+ will be required to neutralise 1 mole of C3AH6.The 
progressive dissolution of alumina gel enables a higher degree of protection of the interior 
of the concrete from the full acid strength.
Experimental results of ANC may vary greatly depending on methodology. In each case 
there are methodological issues that prohibit comparison of the theoretical neutralisation 
capacity with the experimental results. Alexander and Fourie (2011) has studied the relative 
neutralisation of CAC and OPC mortars with hydrochloric acid to complete dissolution at pH 
1 that would simulate the conditions of the sewers of interest. Hydrochloric acid was used 
instead of sulfuric acid because it was found that the precipitation of gypsum and saturation 
of the solution requires acid change every 2 hours (for 72 litre H2S0 4 capacity). Therefore, 
the sulfuric acid renewal fails to eradicate the influence of calcium sulfate on the attack 
mechanism (Alexander and Fourie, 2011).
ANC is measured by titration of sediments or water to a set endpoint. This is done by 
contacting known amounts of the coating with different concentrations of strong acid and 
measuring pH after equilibrium is achieved (Batchelor, 2006, Chen et al., 2009). The 
experimental determination of ANC is difficult because conventional titration procedures in 
which the pH is returned to near neutral is do not measure the contribution from the 
alumina that reprecipitates during the titration (Scrivener et al., 1999). Therefore further 
determination of dissolved aluminium is investigated using inductively coupled plasma (ICP). 
The acid neutralization capacity (ANC) method is based on the British Standards: DD CEN/TS 
15364:2006 (Characterization of waste - Leaching behaviour tests - Acid and base 
neutralization capacity test) which involves extraction of sample particles smaller than 1 
millimeter (<1 mm) for 48 hours with a range of concentrations of nitric acid. Another 
standard that is used is the European Committee Standards: CEN/TS 14429:2005 
(Characterization of waste - Leaching behaviour tests - Influence of pH on leaching with 
initial acid/base addition) and also CEN/TS 14997 (Characterization of waste - Leaching
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behaviour tests - Influence of pH on leaching with continuous pH-control) (Chen et al., 2009, 
Leonard and Stegemann, 2010, Stegemann and Cote, 1990, Wahlstrom; et al., 2009).
The ANC for CAC is expected to be high, as the ability of CAC to create a diffusion barrier 
lowers the corrosion rate of CAC. La Farge Aluminates Pty Ltd claimed that the ANC for their 
CAC is about 10 times of PC. In addition, CAC liberates Al+ ions at pHs below 4 that have a 
toxic, inhibiting effect on bacteria relative to OPC degradation products (Alexander and 
Fourie, 2011, Glass et al., 2000, Lamberet et al., 2008). An example of the titration curve of 
PC is shown in Figure 7 below.
Figure 7: Titration curves illustrating the effect of waste on the ANC of cement paste (Stegemann and
Buenfeld, 2002)
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2.3 Corrosion in Sewer Pipes 
2.3.1 Biological corrosion
Corrosion associated with microorganisms has been recognised for over 50 years, and yet 
the study of microbiologically induced corrosion (MIC) is a relatively new and 
multidisciplinary field. MIC is described as corrosion resulting from the presence and 
activities of microorganisms (including their metabolic bioacid products) (Little and Lee, 
2007, Gu et.al., 2000). The root cause of MIC is sulfate in wastewater being biologically 
converted to sulfide, which in turn is chemically converted to hydrogen gas sulfide, which 
then is biologically oxidised into sulfuric acid (Bizier, 2007). MIC has been documented in 
industries of food processing, fire protection systems, waste treatment, pulp and paper 
processing, marine and also conventional and nuclear power. There are also case studies 
that involve MIC on non-metallic materials including polymer-coated metals, masonry 
building materials, heritage stoneworks, fibre-reinforced composites, paints, caulks, and 
sealants. MIC does not produce a unique type of corrosion but takes the form of pitting, 
crevice, underdeposit, de-alloying, galvanic and erosion corrosions (Little and Lee, 2007, 
Stoecker, 2001). Corrosion rates resulting from MIC can be extraordinarily fast. Therefore 
the study of MIC has lead to new interdisciplinary science, such as electrochemical, 
metallurgical, surface analytical, microbiological, biotechnological and biophysical analyses 
(Little and Lee, 2007).
Parker (1945) found that bacteria are involved in corrosion process and later isolated 
Thiobacillus concretivorus (Thioxidans) from the corroded layer of concrete. Thiobacillus 
Thioxidans is a sulfur oxidising bacterium that generates sulfuric acid as a metabolic product 
(Stoecker, 2001, Davis et al., 1998). The sulfuric acid produced is proposed to react with the 
concrete surface, converting the cementitious material into ettringite 
(3Ca0.AI20.3CaS04.32H20 tricalciumsulfo-aluminate hydrate or C6AS3H32) and gypsum 
(CSH2) which deteriorates the structural support to the concrete pipes (Mori et al., 1992). 
Studies by Yamanaka (2002) suggest that the acidification of the concrete surface in the 
sewerage systems is caused by the condensation of H2S containing moisture as a water layer 
on the surface of the concrete. The bacteria then oxidise the H2S to produce H2S04 which 
corrodes the concrete layer (Yamanaka et al., 2002). Since Parker's initial study, numerous
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bacterias have been identified to be involved in the corrosion process such as T thioparus, T. 
novellus, T. neapolitamus, T. intermedius (Parker, 1947, Islander et al., 1991). Mori et.al 
(1992) then stated the involvement of unidentified green fungi observed to grow at high pH 
levels and is also capable of reducing the pH to those tolerable for T. thiooxidans growth. 
This suggests that bacteria, fungi and metabolic acids produced all contribute to MIC in 
sewage system.
Studies by Davis et.al, (1998) have shown that a large number of acidiophilic sulfur oxidizing 
microorganism and a relatively small quantity of neutrophilic sulfur oxidizing microorganism 
are present in the sewage crown. The presence of more neutrophilic than acidophilic 
organisms in the tidal zone corrosion product and conversely in the crown corrosion product 
is predicted by the microbial succession theory (Davis et al., 1998). Presence of sulfur 
reducing bacteria (SRB) and nitrate reducing bacteria (NRB), anaerobic heterotrophs (AnH) 
and ammonia oxidizing bacteria (AOx) were inconsistent across sites, which indicates that 
they are all simply transition phases present due to inoculation, and probably do not 
participate in the MIC process. This study supports the theory brought forward by Islander 
et al (1991), with the microbial succession theory being a surface phenomenon, which will 
be further discussed in Section 2.3.1.4.
2.3.1.1 Industrial practice that have escalated MIC
Hydrogen sulfide (H2S) generation in sewage pipes has been known to cause corrosion by 
attacking the concrete in the form of sulfuric acid (H2S04). Prior to 1080's and 1990's the H2S 
levels in the headspace of sewer were generally below 10 ppm, exception for the larger 
regional systems. In the 1970's the average gaseous H2S concentration were approximately 
2 to 7 ppm in pipe crown or pump stations headspaces unless unusual circumstances occur. 
This average H2S concentration caused gradual corrosion, mainly because of the presence of 
heavy metals which reduced aqueous sulfide levels in the wastewater (Nixon, 1997).
Since 1985, various studies have shown the increment of sulfide generation in sewer (Nixon, 
1997). Practices in the water industry which appear to contribute to this accelerated failure 
of coating and concrete include: (1) reduction in heavy metals in sewage discharge, (2)
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longer retention time of sewage in sewer, and (3) close vented sewer pipes to emit odour 
emission.
Reduction of heavy metals in industrial wastewater as a result of the introduction of 
regulations that eliminated the presence of heavy metal from wastewater discharges (e.g., 
Clean Water Act in the 1980's) is believed to contribute to increased activity and growth of 
sulfate reducing and sulfate oxidising bacteria in the sewage (Barrett Jr, 2004, Esfandi, 1991, 
Nixon, 1997). This has resulted in the generation of higher H2S leading to increased H2S04 
concentrations in the headspace walls of concrete sewer. In general, the industry has set up 
limits of <10 ppm of H2S in air to minimise concrete corrosion rates to below lmm/year.
Recent changes in the conveyance or transportation distances of waste water are also 
another factor of increasing H2S in municipal waste water. Installation of pipes in flat coastal 
terrain and the construction and use of collection and treatment systems to meet urban 
development has resulted in greater residence time of sewage in collection system. This has 
led to the generation of septic conditions and the increase in H2S formation in the sewage 
and its transfer to the sewer headspace (Barrett Jr, 2004, Hughes, 2005, Nixon, 1997).
Social sensitivity to odour emissions and the lack of suitable emission control systems have 
resulted in the closure of pipe vents near residential areas. These enclosed spaces and the 
higher H2S concentrations have increased the volume and pressure of gases to which 
protective coating are exposed (Barrett Jr, 2004, Nixon, 1997).
2.3.1.2 Organisms and Mechanisms for Acid Generation in Sewer Pipes
The mechanism of biological attack is closely related to the major sulfide cycle. All type of 
microorganisms including bacteria, cyanobacteria, algae, fungi and lichens are able to attack 
and degrade materials (Sand, 1997). This particular attack relates closely to 
'Geomicrobiology' study, which focuses on microbial-mineral interactions. In addition to 
their metabolic product, the physical presence of microbial cells is sufficient to cause 
damage by modifying electrochemical process. The deterioration is caused by the excretion 
of metabolic intermediates and/or end-products as well as exoenzymes (Little et al., 1992, 
Sand, 1997). Biofilms, sulfur-reducing bacteria (SRB), sulfur-oxidising bacteria (SOB),
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nitrifying bacteria and fungi plays different roles in the biological attack on cementitious 
surfaces.
Sulfur-reducing (SRB) and oxidising (SOB) bacteria
Sulfuric acid is generated mainly by bacteria belonging to the genus Thiobacillus. The 
Thiobacillus species are acidophilic, that is they are able to tolerate low pH (<1.0). Because 
of this ability, they are of importance in acid attack of materials. The generation of sulfuric 
acid results from two step actions involving both SRB and SOB (Cho and Mori, 1995, Islander 
et al., 1991, Little and Lee, 2007, Parker, 1945a):
• Sulfur oxidation. The generation process begins with the dissolved sulfide 
generation, which is a biochemical process occurring in the submerged portion of 
sewers. Dissolve sulfide appears in sewer due to several condition: development of 
an active biological slime layer below the water surface in pipes; low dissolved 
oxygen content in slime layer; long detention times; and warm wastewater 
temperatures. First, a slime layer (also known as biofilm) below water level and 
composed of bacteria and inert solids is produced (inert zone). The rate of 
production of the slime layer depends on a variety of environmental conditions, 
including the concentration of organic food source (BOD), wastewater dissolved 
oxygen concentration, temperature, wastewater velocity and the perimeter of 
wetted pipe. When the film becomes thick, dissolved oxygen cannot fully penetrate 
and an anoxic zone (oxygen-depleted zone) develops (Bizier, 2007, Islander et al., 
1991). Within the anoxic zone, sulfur reducing bacteria, SRB uses sulfate ion (SO4) 
(readily in sewage) instead of oxygen to assimilate organic matter. Sulfide ion (S2) is 
produced as a by-product and establishes a chemical equilibrium between the four 
forms of sulfide: the sulfide ion (S2), the bisulfide ion (HS ), aqueous hydrogen sulfide 
[H2S(aq)] and hydrogen sulfide gas [H2S(g)]. The dominant sulfide species is greatly 
dependant on the sewage pH and is related to the following equilibrium un Equation 
(14) (Islander et al., 1991, Bizier, 2007, Vincke et al., 2001):
H2S(g) O  H2S(aq) O  HS- O  S2‘ (14)
pKa = 14 pKa = 7
• The most critical pKa value is between the H2S and HS 7 (pKa = 14). This shows that 
at pH 7, which is in the range of common sewage, hydrogen sulfide is able to
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produce hydrogen gas sulfide. Sulfur oxidizing bacteria, SOB then consume the 
hydrogen sulfide and oxidise it to sulfuric acid, H2S04, when there is unlimited supply 
of hydrogen sulfide gas (>1 ppm), high relative humidity and atmospheric oxygen 
(Bizier, 2007). The SRB genus includes Beggiatoa, Vibrio desulfuricans and 
Desulfovibrio (Nica et al., 2000, Sand, 1997, Islander et al., 1991).
• Reduced sulfur oxidation. The gaseous H2S is poorly soluble in water and will 
partition into the headspace of the sewer collection system (Zhang et al., 2008). 
Hydrogen sulfide is released from the aqueous to the gaseous phase at a rate 
governed by Henry's law, the degree of wastewater turbulence, solution pH and 
temperature. The H2S then repartitions into the condensed layer on the exposed 
surface of the concrete and is converted to various partially reduced sulfur. In the 
presence of oxygen and moisture, the SOB (Thiobacillus thiooxidan) continues the 
sulfur cycle by converting these reduced sulfur compounds into sulfuric acid. Most of 
the SOBs are members of the genera known as "colourless sulfur bacteria" or the 
non-phototrophic bacteria which includes unrelated genera, such as Thiobacillus, 
Thiothrix, Thiomicrospira and Beggiatoa, etc. Among those Thiobacillus spp, T. 
thioparus, T. novellus, T. neapolitanus, T. intermedius and T. thiooxidans are the five 
species found to play important roles in corroding concrete (Islander et al., 1991, 
Nica et al., 2000, Okabe et al., 2007, Sand, 1997).
• The sulfur cycle in sewer system. Sulfuric acid has been known to be the primary 
cause of sewer corrosion. Several processes are associated with the sulfur cycle in 
sewer networks. The conceptual models and prediction of sulfur build up have been 
developed and the major processes and environmental parameters are outlined in 
Figure 2. This includes the bulk wastewater, biofilm, sediments, atmosphere and 
surface exposed to atmosphere. The processes are (1) formation of sulfide, (2) 
volatilization of hydrogen sulfide, (3) chemical and biological oxidation of sulfide and 
(4) precipitation of metal sulfides (Zhang et al., 2008). A schematic diagram of the 
sulfide cycle in sewers is presented in Figure 8.
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Environmental
parameters
Major Sulfide Processes
Figure 8: Major sulfide processes and their effect factors associated with the sulfur cycle in sewer system
(Zhang et alv 2008)
*SOB: sulfur-oxidising bacteria; SRB: sulfur-reducing bacteria; ORP: Oxidation reduction potential; DO: dissolved oxygen
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The sulfide cycle in sewer begins with the sulfur resources, mainly sulfate in domestic 
wastewater, which can be reduced to sulfide by sulfur-reducing bacteria. Sulfide species in 
bulk wastewater is able to precipitate to form metal sulfide, be emitted to the air phase of 
the sewer as hydrogen sulfide or form sulfur (and oxidised forms) by chemical and biological 
oxidation. Hydrogen sulfide (H2S) formation and emission is a physio-chemical process 
involving both water and air phase of sewer networks, depending on the temperature, pH, 
and hydraulic conditions of the water phase and ventilation of the air phase. The presence 
of metal in sewage, such as iron, zinc, lead and copper leads to the formation of metal 
sulfide, which decreases sulfide emission and thus corrosion (Zhang et al., 2008).
ii. Heterotrophic Bacteria coexist with SOB in relatively similar concentrations in the 
sewer. These are also important organisms in concrete attack as they utilise various 
carbon sources (e.g., volatile organic compounds) to produce biogenic acids and are able 
to grow at low pH (1.5-6.2) and high salt concentration (Little and Lee, 2007). Recent 
work by Okabe et al., (2007) demonstrated that more than 95% of the total colonies 
detected were bacteria that are other than SOB at day 42 of incubation while more than 
50% non SOB bacterial colonies were detected after 1 year when the pH was around 2. 
These bacterial species include Pseudomonas, Streptomyces, Arthrobacter, Bacillus, 
Flavobacter and Micromonas (Nica et al., 2000, Okabe et al., 2007, Sand, 1997)
iii. Likewise nitrifying bacteria which produces biogenic nitric acid also plays an important 
role in concrete corrosion in sewer environment. This belongs to the genera 
Nitrosomonas and Nitrobacter. The nitrifying bacteria are not acidophilic or as acid- 
resistant as thiobacillus strain. However these microorganisms and their metabolic 
product (nitric acid) are still able to cause considerable damage to mineral materials 
including concrete, natural stone and glass (Sand, 1997). Their growth is by C02-fixation 
or by consuming carbon sources and trace elements, while their sources of energy are 
ammonium compounds, urea, nitrite (N02), and possibly nitric oxide (NO). NO have very 
low solubility in water. However it can be oxidised to N02, which has high solubility in 
water and forms nitric acid (Islander et al., 1991, Parker, 1945a, Sand, 1997).
iv. Fungi are another important group of organism in concrete degradation. Fungi are 
alkalophilic heterotrophic organisms. That is they require a carbon substrate for growth 
and they are able to tolerate high pH environments (pH 9-11) (Mori et al., 1992). Their
26
ability to grow and metabolise under alkaline environment means they have an 
important role in initiating the degradation of sewer pipes. Burford et al. (2003), for 
example have pointed out that epi- and endolithic fungi comprise a significant 
component of the microflora in a wide range of rocks including siliceous types (silica, 
silcates and aluminosilicates), sandstone, granite, limestone, marble and gypsum. Direct 
biochemical degradation of minerals is known to occur through the penetration by 
fungal hyphae into decayed rocks and by tunnelling into otherwise intact mineral matter 
which can occur along crystal planes, cleavage, cracks and grain boundaries in dolomitic 
rocks (Burford et al., 2003). They can assimilate volatile carbon sources from the gaseous 
phase in the sewer pipes. Fungi produce a series of organic acids through the Kreb cycle, 
for example acetic, citric, malic, oxalic and gluconic acids (Magnuson and Lasure, 2004). 
Organic acids may react with cementitious materials by two mechanisms: by acidolysis 
of action of protons and by complexation or chelation of metal ions. Acidolysis occurs 
when fungi acidify their microenvironment as a result of its excretion of protons, organic 
acids and from the formation of carbonic acid resulting from respiratory C02 (Burford et 
al., 2003, Sand, 1997). Fungi are able to excrete metal-complexing metabolites which are 
associated with complexolysis or ligand-promoted dissolution. These include carboxylic 
acids, amino acids, siderophores and phenolic compounds Fungal-derived carboxylic 
acids with strong chelating properties (e.g., oxalic and citric acids) perform an aggressive 
attack on mineral surface (Burford et al., 2003, Gadd, 1999). Because the fungi require 
carbon sources, these organisms will etch and extend their fungal hyphae into the 
interior of the concrete to reach carbon sources. This process results in an enlargement 
of the damaged areas and an increased of porosity of the structure.
2.3.1.3 Biofilm and Generation of Hydrolysis Gases
The main source of MIC is the sulfur compound in H2S, which is produced by 
microorganisms in the sewage and around the interior of a pipe. As described in Figure 9 
previously, the slime layer is called 'biofilm' and contains sulfur oxidising bacteria (SOB) at 
the top (crown line) of the sewer and sulfur oxidising bacteria (SRB) at the sewage-concrete 
interface (Sand et al., 1994). By chemical and biological oxidation, the sulfide species in bulk 
wastewater is oxidised to sulfur and its oxidised species (e.g. S02). Under anaerobic 
conditions SRB are active in this habitat reducing oxidised sulfur compounds to H2S. If the
27
pH value decreases, the H2S is emitted to the sewage atmosphere. Turbulence and 
temperature of the sewage will also influence the H2S emission (Sand et al., 1994, Zhang et 
al., 2008). Once H2S has reached the atmosphere, it may react with oxygen to form 
elemental sulfur that is deposited on the walls. This reaction may be accelerated by alkaline 
surfaces. The S02(g) produced reacts with water to produce sulfurous acid (H2S03(aq); refer 
Equation (15)). S02(g) can also be oxidised gradually to form sulfur trioxide (S03; refer 
Equation (16)), which will react with water to form sulfuric acid (H2S04(aq); refer Equation 
(17)). Equation (15) to (17) shows the hydrolysis reaction of gases and the resulting acidic 
product:
S 0 2(g) + H20(|) H2S 0 3(aq) (15)
2S02(g) + 0 2(g) - )  2S03(g) (16)
S 0 3(g) + H20(|) H2S 0 4(aq) (17)
Nitrogen oxides on the other hand, occur in the atmosphere, soil and water. Oxides of 
nitrogen include nitrous oxide (N20), nitric oxides (NO and N02), nitrite (N02 ) and nitrate 
(N03 ). Nitrite, the anion of nitrous acid, may be oxidised to nitric acid (HN03; refer Equation 
(18)) (Sand, 1997).
2N 02(g) + H20(|) <-> HN02(aq)+ HN03(aq) (18)
All living organisms excrete carbon dioxide (C02) as an end-product of their metabolism 
(Sand, 1997). C02 reacts with water to form carbonic acid (H2C03). Since carbonic acid is a 
weak acid, it partially dissociates into hydrogen ion (H+) and bicarbonate (HC03; refer 
Equation (19) to (20)).
C 0 2(g) + H20(„ <-> H2C 0 3(aq) (19)
C 02(g) + H20(|) <-> H+(aq) + H C03 (aq) (20)
The generations of these gases are influenced by environmental parameters including pH, 
turbulence, temperature, material of sewer, conductivity, dissolve oxygen (DO) and oxygen 
reduction potential (ORP) of sewage and is independent of organism activity. Although 
some of the acids generated are weak acids, it is shown to cause deterioration in susceptible 
material (Sand, 1997).
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2.3.1.4 Sequential growth of organism with pH
The microbial activity on the sewer is likely to depend on various organisms and the 
environmental pH. The microorganisms that have been reported to be responsible for the 
degradation of concrete in natural system involve a succession of various organisms, as 
shown in Figure 10 (Gu, 1998, Islander et al., 1991). Superimposed on this diagram is the pH 
dependent growth of fungi. The five species of Thiobacillus that are found to play important 
roles in corroding concrete are T. thioparus, T. novellus, T. intermedius, T. neapolitanus and 
T. thiooxidans. The first four species listed are neutrophilic SOB and the last species is an 
acidophilic SOB (Mori et al., 1992, Islander et al., 1991, Vincke et al., 2001). T. Acidophilus, a 
mixotroph (or facultative autotroph) were also found to be growing on corroded concrete 
surface (Cho and Mori, 1995).
The initial pH for concrete is around 11-13, which is very alkaline for the growth of bacteria. 
When first exposed to high concentration of hydrogen sulfide, the concrete will undergo a 
microbial ecosystem succession. The pH is reduced by carbonation process, which is the 
reaction between the cementitious material and carbon dioxide or other acidic gases to pH 
as low as 9 (Davis et al., 1998, Islander et al., 1991). The process is also known as abiotic 
neutralization of the concrete. Okabe (2007) found that in addition to the abiotic 
neutralization, the attachment and colonization of microorganism on the concrete surface
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contributes to the pH reduction of concrete and establishment of suitable environment 
growth. Islander (1991) suggested that at pH 9 neutrophilic thiobacilli, T. thioparus begins 
the oxidation of thiosulfate followed by T. novellus, T. intermedius and T. neapolitanus. 
Okabe (2007) however, confirmed the dominant SOB species changed in the following 
order: Thiotrix spp., Thiobacillus plumbophilus, Thiomanas sp., and Halothiobacillus 
neapolitanus. The accumulative of produced metabolic acids, elemental sulfur and 
polythionic acids are able to lower the pH to about 4 (Davis et al., 1998, Okabe et al., 2007). 
At this lower pH, T. thioxidans is able to produce significant amount of sulfuric acid at a rate 
determined by both the pH of the concrete layer and the presence of sulfur substrate, in 
which can further reduce the pH to 1 or 2. T. thioxidans rapidly oxidises elemental sulfur 
directly to sulfate (Davis et al., 1998, Islander et al., 1991). Since the growth of the 
neutrophilic species becomes inhibited with the decline of pH, T. thiooxidans, other 
acidophilic heterotrophs and fungi, which are capable of utilizing the excreted organic waste 
products from T. thiooxidans becomes the dominant species on the concrete surface. The 
optimum pH, trophic property (e.g. autotrophic or mixotrophic) and ability to utilise 
different sulfur compounds of SOB probably determines the order of appearance of SOB 
species on corroding concrete surfaces in sewer systems (Islander et al., 1991, Okabe et al., 
2007). The conditions of coating surfaces in sewer favouring the growth of acidophilic 
heterotrophs with time are shown in Figure 11.
------ 1------- 1-------- 1-----1
i i i i
i i i Initial pH
I > w
I-------------1— ►
Absorption of C02 and H2S leading to generation of H2C03 and H2S04 respectively
Progressive development of micro-flora including thiobacillus such as novellus and thioparus
Active generation of sulfuric acid due to growth of acid-tolerant thiobacillus species such as neapolitanus leading to corrosion of concrete
Acid-loving thiobacillus thiooxidans generate large amounts of sulfuric acid leading to severe attack of concrete
10 11 12 131 2 3 4 5 6 7 8 9
Surface pH of moist sewer walls
Figure 11: Increasingly acidic conditions generated in the moisture layer above the sewage level (Alexander
et al., 2008).
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If the growth is not limited by the availability of mineral nutrients or sulfur substrates, acid 
production will be equal or balanced by acid neutralization and washout (Islander et al., 
1991). Because of the neutralization reaction between of the concrete constituents and 
sulfuric acid and the limitation of microbial activity at pH 1, pH measurements alone is 
considered to be inappropriate indicator of material corrosion.
2.3.1.5 Stress factors for cementitious materials degradation in sewer
Additional stress factors influencing MIC include organic solvents and salt stress. 
Microorganisms in sewer are able to metabolise organic solvents in sewage via 
fermentation. The metabolic products include acetic, formic, butyric acids, alcohols 
(ethanol, propanol, butanol etc.) and ketones. Salt stress involves the reaction between the 
final metabolic products anion with cationic components of ceramic materials. These 
solvents may cause swelling, total or partial dissolution, and finally deterioration (Sand and 
Bock, 1991a, Sand, 1997). We have combined the summary provided by Sand et al, (1997) of 
the various stress factors that could contribute to the degradation of sacrificial coating in 
the sewer system. The sources that have been identified in this review and the likely 
conditions under which these are to be generated are reported in Table 4.
Table 4: Main Stress factors for cementitious materials degradation in sewer
Stress Factors Types of Stress Factors Sources Conditions
M ineral A cid s
Su lfu ric  Acid  (H 2S 0 4) 
N itric Acid  (H N 0 3)
Bacterial A ctiv ity pH <4.0
M ineral A cids
Su lfu ric  Acid  (H 2S 0 4) 
Su lfu ro u s Acid (H 2S 0 3) 
N itric Acid  (H N 0 3)
N itrous A cid  (H N 0 2) 
C arb o n ic  Acid ( C 0 2/ H 2C 0 3)
H ydro lysis o f Gases
In depend ent o f 
pH
Require
M oisture
O rgan ic  A cids
O xalic  acid (H 2C20 4) 
G lu co n ic  acid (H 8C 60 7) 
C itric Acid  (H 8C60 7) 
Form ic Acid  (H 2C 0 2) 
and others
H e te ro tro ph ic  bacteria 
and Fungi
2.0 < pH < 11 
Requ ire  carbon 
source
Salts
C a S 0 4, C a (N 0 3)2,C a C 0 3 
sw ells incre asing  po ro sity  and 
m ech an ica l dam age
H ydro lysis product CAC
Biofilm
Reduced porosity  
B lockage
M icrobia l activ ity NA
C o m p le xin g
co m p ou nds
Pho sh o lip ids
Lipoprotein
Lip op olysaccharide s
M icrobia l activ ity NA
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2.3.1.6 Bacteria Attack
The deterioration of concrete by microorganisms is effected by mechanisms common to 
fungal weathering of rocks and minerals. Biomechanical weathering of minerals by fungi 
could be direct or indirect. Direct biomechanical degradation of minerals can occur through 
penetration of fungal hyphae into decayed rocks and by tunnelling into otherwise intact 
mineral matter which can occur along crystal planes, cleavage, cracks and grain boundaries 
e.g. sandstone, calcitic, and dolomitic rocks (Fomina et al., 2007). The biomechanical 
processes of fungal weathering are closely connected to the biochemical processes, which 
are believed to be more important than mechanical degradation. The two main mechanisms 
of solubilization of minerals are acidolysis and complexolysis, which may be enhanced by 
metal accumulation in and/or around the fungal biomass (Burford et al., 2003, Fomina et al., 
2007, Sand and Bock, 1991a, Sand, 1997).
Acidolysis (or proton-promoted dissolution) occurs when fungi acidify their environment as 
a result of the excretion of protons, organic acids and the formation of carbonic acid 
resulting from the respiration of C02. Many fungi are able to excrete metal-complexing 
metabolites which are associated with complexolysis or ligand-promoted dissolution 
(Burford et al., 2003, Fomina et al., 2007). Wide range of organic acids (acetic, gluconic, 
glucuronic, citric, oxalic, oxalacetic, succinic, malic and glyoxylic acids) is generated by fungi, 
and they take part in corroding the cementitious materials in sewer (Burford et al., 2003, 
Gadd, 1999, Sand, 1997). Fungal derived carboxylic acids with strong chelating properties 
(e.g. oxalic and citric acid) perform aggressive attack on mineral surface. Fungal degradation 
of concrete proceeded more rapidly than bacterium-mediated degradation with 
complexolysis suggested as the main mechanism of calcium mobilization (Gu et.al., 1997).
Acidophilic bacteria may not be able to tolerate the high pH of cement surface. However 
heterotrophic fungi has the ability to withstand a wider range of pH and produce organic 
acid which can solubilize and complex metal cations (White et al., 1997). In other words, 
fungi can be very efficient bioaccumulators of soluble and particulate forms of metals. 
Reaction of CAC with organic acids, oxalic acid in particular can immobilize the metal. Metal 
immobilization reduces the external free metal activity and may shift the equilibrium to 
release more metal into aqueous solution. Mobile metal species can be bound, accumulated
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or precipitated by fungal biomass via biosorption to biomass, transport and intracellular 
accumulation and extracellular precipitation and formation of secondary mycogenic 
minerals (Fomina et al., 2007). The fungus Aspergillus niger in particular is known to excrete 
a variety of low molecular weight carboxylic acids in presence of calcium-bearing minerals 
and various nitrogen sources, e.g.: oxalic acid (32-63% of total excreted organic acids), citric 
(4-12%), gluconic (23-37%) and succinic (10-19%) (Fomina et al., 2007). The oxalate 
concentration is found to reach concentration of 9mM, and has the ability to form highly 
soluble calcium oxalate crystals. The reaction between metabolic product oxalic acid and 
concrete forms a secondary mycogenic mineral phase whewellite (hydrated calcium 
oxalate CaC20 4 H20) and weddelite (hydrated calcium oxalate CaC204-2H20) (Fomina et al., 
2007). The organic ligands accelerate the leaching of calcium, silicon, iron and aluminium 
from concrete, which deters the cement matrix. Complexation reaction can proceed as in 
Equation (21) (L : anion organic acid ligand. E.g., citrate from citric acid):
Al3++ H3L -> AIH2L + H+ (21)
Figure 12 shows the geochemical transformation by fungi.
,OoAT£ <¿T
C A LC IU M  O X A LA TE S
C a 0.2 S iO ,.4H  O  C a (O H )
Quartz, Feldspar,
{Calcium alicates. Calcita, Calcium alumínate, Calcium alummoferrite
Figure 12: Simplified diagram showing geochemical transformation of concrete by fungi (Fomina et al., 2007)
On the surface of concrete, the colonised fungi formed a hydrated biofilm consisting of 
hyphae and extracellular polymeric substances (EPS), in which retains moisture and drops of 
exudates containing fungal metabolites. The hydrated biofilm (or slime) also plays a role in 
the physicochemical processes, including dissolution-precipitation reactions and diffusion of 
mobile metal species and organic anions. Fungi biochemically attack the concrete surface, 
excreting protons and ligands leading to the dissolution of the concrete. The mobilized 
major elements (Ca2+ for PC and Al3+ for CAC) were leached out of the cement and
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accumulated within the biomass and exudates. Here the metals tend to form complexes 
with metabolites (e.g. organic acids) and re-precipitate. The complexation process could 
also change the solubility if metal complexes. There could possibly also be mechanical 
interactions between the fungal biofilm and the quartz released from the dissolved 
concrete. As a results, fungal biochemical and biomechanical deterioration of concrete 
shows signs of expansion, cracking and spailing (Fomina et al., 2007). The findings by 
Monteny et al. (2000) and Fomina et. al (2007) are parallel and reported that high levels of 
organic acids excreted by respiration of bacteria decompose cement hydrates, producing 
calcium carbonate CaC03, silica get and alumina gel. The calcium ions Caz+ in cement 
hydrates is leached out from the concrete. Since the solubility of CaC03 is very low 
(solubility in water: 6.86 mg/L) the process is repeated and deterioration of concrete 
proceeds (Monteny et al., 2000).
In aqueous solution, the ions Al3+ and Ca2+ are complexed by the conjugated bases of the 
low molecular mass organic acids (e.g. oxalate, acetate, and butyrate) to form stable 
complexes (De Windt and Devillers, 2010, White et al., 1997). For example, in the case of 
aluminium (Al) and citrate ligand, the surface complexation enhances the dissolution of Al- 
oxide surfaces thus increasing the Al solubility. Such solubilisation increases as the organic 
acid anion concentration increases (Gadd, 1999). The occurrence and position of carboxylic 
acid and phenolic functional groups on organic acids determines the complexing ability, 
which is thus related to the stability constant of the ligand. The study by Gadd (1999) stated 
that the Al release increase exponentially with increasing values of stability constant, KAi 
calculated. In addition, the release of Al are controlled by the cumulative oxalate loading 
rate, suggesting that the continuous release of even a small amount of organic anions is able 
to solubilize a large amount of Al (Gadd, 1999). Al complexation by organic acid ligands is 
predominant in the pH range of 0 to 10, but the hydroxyl complex AI(OH)4‘ is the most 
stable species at alkaline pH. Hence, the presence of organic acids should have an effect at 
pH below 10 of the degraded cement. The oxalate has the ability to increase the hydroxide 
solubility between pH 4 and 9. By contrast the complexation of calcium Ca2+ by organic acids 
is effective at full range of pH since the hydroxyl complex Ca(OH)+ is relatively weak(De 
Windt and Devillers, 2010). The solubility of both Al and Ca in H20 and citrate was calculated 
by De Windt and Devillers (2010) and shown in Figure 13.
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The study by De Windt (2010) used gibbsite as a substitute of alumina gel for the HYTEC 
calculations (refer Figure 13). The outermost degraded layer is made up of alumina and 
silica gel during bioalteration. The low solubility of gibbsite in the Al-H20 system (range from 
pH 5-9) promotes alumina gel formation in degraded cement layers. By comparison, the 
solubility of gibbsite in the Al-citrate system is enhanced in the presence of organic acids at 
pH below 7, but not at alkaline pH. Calcium, on the other hand, is highly soluble in the Ca- 
H20 system becomes relatively insoluble in the presence of oxalic acids. The higher the 
oxalate concentration, the more efficient is complexation thus the higher apparent calcium 
solubility (De Windt and Devillers, 2010).
Al-water system Ca-citrate system
Al-citrate system Ca-citrate system
Figure 13: Pourbaix diagram for aluminium (Al) and calcium (Ca) in pure water (top graphs) and with 
dissolved oxalic acids (bottom graphs) (De Windt and Devillers, 2010)
"“Conditions: 25 °C, oxalic acid concentrations are set to 0.001 mol/L for aluminium; 0.001 mol/L and 0.05 mol/L for 
calcium. Calculations completed using HYTEC software
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It should be mentioned that there are differences between biogenic sulfuric acid attack and 
chemical sulfuric acid attack. In chemical sulfuric acid attack, the 'barrier' layer that is 
produced (mainly gypsum) protects the concrete from further degradation. However in the 
case of biogenic acid attack, the soft white layer provides an excellent condition for bacteria 
growth. The bacteria penetration increases porosity of the concrete, hence production of 
more metabolic acids (Monteny et al., 2000). The study by De Belie (2004) experimentally 
showed the microbiological tests (biogenic sulfuric acid) are more aggressive than chemical 
tests. However so, the PC was found to perform better in microbiological test. The rapid 
colonisation of microorganism might be the explanation to this matter (De Belie et al., 
2004).
2.3.2 Chemical Corrosion
The chemistry behind cement-based materials includes the chemical dissolution by 
hydrolysis, precipitation and complexion. This section focuses on the chemistry of corrosion 
for CAC and PC. This includes dissolution metals (e.g. Al3+) and precipitation of calcium 
sulfate (gypsum).
It should be pointed out that acid attack and sulfate attack are different. Sulfate attack 
differs significantly from acid attack, mainly due to the presence of hydration products C3A 
and sulfates, which forms ettringites not present in acidic attack. The acidic type attack 
deterioration is similar to eating away of the hydrated cement paste and forming gypsum, 
thus leading to loss of strength (Al Amoudi, 1998). The simplest measurement to inspect the 
loss of strength in cement is by measuring the hardness of the surface in which reflects the 
corrosion. Most cement softens when corroded.
2.3.2.1 Chemical Dissolution
In the sewer, water also carries chemical agents into cement paste that react to destroy 
various components of the cement. A serious problem is the action of acidic waters from 
acid precipitation, industrial effluent, or the decay of organic matter (MacLaren and White, 
2003). Acidic gasses that are generated by metabolic activities in the sewer include C02, N02 
and S02 are present in the head space of sewer. All organisms, for example, produce C02 as
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an end product of their metabolism (Sand, 1997). Equation (22) to (27) shows the hydrolysis 
reaction of gases and the resulting acidic product:
C 0 2(g) + H20(|) <-> H2C03(aq) (22)
C 0 2(g) + H20(|) <-> H+(aq) + H C 0 3 (aq) (23)
S 0 2(g) + H20(|) ■) H2S 0 3(aq) (24)
2 S 0 2(g) + 0 2(g) 2 S 0 3(g) (25)
S 0 3(g) + H20,|) H2S04(aq) (26)
2 N 0 2(g) + H20(|) H N 0 2(aq)+ H N 0 3(aq) (27)
Equation (22) and (23) represent corbonation process, where the cement is depleted of 
calcium hydroxide and leaves CaC03 deposits inside the cement. Since carbonic acid is a 
weak acid it partially dissociates to hydrogen ion (H+) and bicarbonate (HC03 ). Equation (24) 
to (26) is related to the sulfide cycle mentioned in Section 2.2.3.3. The sulfur dioxide (S02) 
reacts with water to form sulfurous acid (H2S03). S02 also can be oxidised gradually to form 
sulfur trioxide (S03), which reacts with water to form sulfuric acid (H2S04). In Equation (27) 
oxides of nitrogen, particularly nitrogen dioxide (N02) reacts with water to form nitrous acid 
(HN02) and nitric acid (HN03). Since the generations of these gases are independent of 
organism activity, these acids are likely to play important role in cement-based materials 
degradation under conditions that does not support organism growth (pH>14 or pH<4)
2.3.2.2 Acid Attack
Acid attack has been known to cause structural damage to concrete structures. The major 
cause of acid attack is the spread of acid sources due to growth of urban and industrial 
areas. The source of acid includes natural acidic water, acidic waste water, acid rain and 
silage effluents (Goyal et al., 2009). For Portland cement (PC), studies have established that 
the severity of the acid attack is largely dependent on the solubility of the calcium salt (C-S- 
H) hydrate formed, as the main component attacked by the acid is the calcium component 
of the C-S-H structure. The C-S-H structure provides the support matrix required, and hence 
the depletion of the Ca in the C-S-H would cause severe corrosion issues on the cement 
matrix. The acid attacks by dissolving and leaching the C-S-H structure, increasing the 
porosity of the cement matrix and leaving a residual layer on the surface of the matrix. 
Hydroxyl ions contained in the hydration products are, in effect, neutralised by the protons.
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Calcium, iron, aluminium as well as sulfate ions enter the pore solution and diffuse towards 
the concrete surface. The products of CH and C-S-H dissolution is gypsum CSH2 (including 
anhydrous gypsum) and an incoherent mass of hydrate silicate (Al Amoudi, 1998, Beddoe 
and Dorner, 2005, Girardi et al., 2010, Goyal et al., 2009).
Calcium aluminate cement (CAC) contains high percentage of alumina in the structure in 
comparison to Portland cement (PC). On reaction with acids, CAC give the following reaction 
in Equation (28) to (30) (Lamberet et al., 2008):
CAH10 + 2H+ Ca2+ + 2AH3 + 8H20 (28)
c 2a h 8 + 4H+ 2Ca2+ + 2AH3 + 7H20 (29)
c 3a h 6 + 6H+ -> 3Ca2+ + 2AH3 + 6H20 (30)
AH3 has solubility threshold of about pH 4.0, precipitates on reaction with acid and creates a 
barrier layer which protects from further attack. Below pH 4.0, AH3 dissolves releasing toxic 
Al3+ which further inhibit bacterial activity, see Equation (31):
2AH3 + 6H+ ->  2AI3+ + 6H20 (31)
The better performance of CAC compared to Portland cements could be attributed not only 
to the absence of calcium hydroxide but to the presence of more stable calcium-aluminate 
hydrates (C3AH6) and aluminium hydroxide (AH3) in the cement matrix, which protect them 
from acidic attack (Zivica and Bajza, 2002). A schematic representation of corrosion due to 
acid attack is shown in Figure 14.
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Figure 14: Mechanism of corrosion due to acid attack (Beddoe and Dorner, 2005)
The resistance of the cement matrix to acid corrosion depends primarily on its pore 
structure characteristics, the ability if matrix components to neutralise acid and also on the 
products of acid corrosion. The behaviour of the aggregates in PC under the acidic attack is 
dependent on their solubility or insolubility in acids. Insoluble silica sand and river gravel 
usually do not take part in the deterioration process, but soluble dolomite and calcite
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decomposed in acidic solution may contribute to the determination process under the acidic 
attack of concrete (Zivica and Bajza, 2002).
2.3.2.3 Sulfate Attack
The sulfate attack arises due to the reaction between monosulfate (4Ca0 .AI203S03.12H20  or 
C4ASHi 2) and sulfate ions S042 in the presence of aqueous Ca2+ to produce ettringite 
(C6AS3H32) (Al Amoudi, 1998, Kosmatka, 2003, Gollop and Taylor, 1992). Sulfate attacks are 
characterised by the reaction of S042 ions with the cement hydration products, in particular 
the C-S-H hydrate, causing expansion, cracking, and spalling, as well as the loss of both mass 
and strength (Al-Amoudi et al., 1995, Al Amoudi, 1998, Gollop and Taylor, 1992, Irassar et 
al., 1996, Torii et al., 1995). This conversion from a high density phase to one of lower 
density causes expansion and cracking, with the cracks opening up new connected porosity 
which accelerates the transport of sulfate into the cement paste and causes deterioration of 
the paste. Sulfate attack, weather in Na2+, Mg2+ or mixed-sulfate exposure, are generally 
presented in Equation (32) -  (38) (Al Amoudi, 1998, Monteny et al., 2000):
CH + NS + 2H ^ C S H 2 + NH (32)
CH + MS + 2H->CSH2 + MH (33)
C4AH13 + +3CSH2 + 14H -> C6AS3H32 + CH (34)
C4ASH12 + +2CSH2 + 16H C6AS3H32 (35)
C3A + +3CSH2 + 26H -» C6AS3H 32 ( 36)
CxSyH, + xMS + (3x +0.5y - z )H -> xCSH2 + xMH + 0.5yS2H (37)
4MH + SH„ M4SH85 + (n - 4.5)H (38)
(C=CaO; N= Na20 ; M= MgO; S= Si02; S=S03; H= H20 ; A= Al20 3)
*C6AS3H32 = ettringite; CSH2 = gypsum; CH = calcium hydroxide/Portlandite)
Monteny et al (2000) stated that the sulfate attack and formation of ettringite is much more 
detrimental than acid attack and the formation of gypsum. This is due to the volume of the 
ettringite mineral is several times greater than the volume of the initial compound, some 
reported to a factor of 7.
In the case of sulfate attack, the type of cation are every important. In the case of 
magnesium sulfate solution MgS04, the action of magnesium Mg2+ is very important, 
whereas in sodium sulfate solution Na2S04, the action of magnesium Na+ is less important. 
Sodium sulfate NaS04 concentrates the attack on the calcium hydroxide CH and the
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hydrated tricaldum alumínate structure C3A, and does not attack the calcium silicate 
hydrate structure C-S-H. Magnesium sulfate attacks all cement minerals including C-S-H 
which leads to the destruction of the mineral structure (Monteny et al., 2000).
On the other hand, sulfuric attack is different from sulfate attack as sulfuric acid has two 
attacking components: S042 and the hydrogen ions H+. Therefore, concrete dissolution by 
sulfuric acid was found to be very severe when both attack mechanism is combined 
(Monteny et al., 2000).
The study by Development and Consulting Department of Heidelberger Zement focused on 
the degradation rate of Portland Cement (PC) and calcium alumínate cement (CAC), and 
found that the CAC specimens showed higher resistance (3-4% weight loss) against sever 
sulfuric acid attack in comparison to PC (18-31% weight loss).
• Thaumasite Sulfate Attack (TSA)
Thaumasite (CaSi03-CaC03CaS04 15H20 or C3SSCHi 5) and ettringite are formed by the 
action of sulfates on cement and concrete. Barnett (2002) has established that thaumasite 
sulfate attack (TSA) is a separate form of sulfate attack mechanism which differs from the 
established MgS04 and Na2s04 attack. In TSA, calcium silicate hydrate (C-S-H), the main 
binding phase in the cement, reacts with aqueous carbonate (C03‘2) and sulfate ions (S04 2) 
to form thaumasite, resulting in disintegration and softening of cement matrix. TSA has 
been found in the UK and other particular cool, damp countries. Thaumasite forms readily in 
laboratories where cement is stored at low temperatures <15°C in the presence of 
carbonate ions such as limestone aggregates and an external supply of sulfate ions (either 
Na2+, Mg2+ or Ca2+) (Torres et al., 2004). TSA was observed to continue for pH levels above 
10.50 (Barnett et al., 2002).
Studies by Zhou et.al (2006) have observed rather contrasting results, observing that neither 
acidic conditions nor high concentrations of sulfate ions alone causes formation of 
thaumasite, but rather the combination of both relatively high sulfate levels and alkaline 
conditions. The thaumasite may have occurred during periods in which the cubes were 
subjected to pH levels above 10.50. Zhou et.al (2006) observed that TSA occurred readily at 
all the cubes at pH >12 in sulfate solutions. All cement types with both gravel and limestone
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aggregates were observed to degrade significantly in 12 months despite the absence of 
carbonate (Zhou et al., 2006).
Zhou et.al (2006) proposed that storage in acidic conditions could result in enhanced 
leaching followed by modification of the pore structure, which results in increases in the 
surface area. Consequent réintroduction of alkaline conditions to the material is expected to 
cause the acceleration in the formation of thaumasite in for increased sulfate 
concentrations derived from the gypsum produced at low pH leaching.
Thaumasite formation is suggested to occur through solution mechanism, with ions entering 
the solution which then become super-saturated with respect to thaumasite and other 
reaction products, being gypsum and brucite (Zhou et al., 2006).
2.3.2.4 Carbonation
CAC, similar to PC absorbs C02 gas from the atmosphere which reacts with the cement 
binder, reducing pH from 12-13 to neutral levels (~7). In PC, carbonation involves the 
chemical reaction of CH and C-S-H in the cement matrix with carbon dioxide leading to 
calcite CaC03 or Cc. The dominant reaction is shown in Equation (39) (Van Gerven et al., 
2004):
CH + c ->  Cc + 3H (39)
(C=CaO; H=H20; A=AI20 3; c=C02)
In CAC mortars, the reaction is shown in Equation (40) (Goni and Guerrero, 2003):
C3AH6 + 3c ->• 3 Cc + AH3 + 3H (40)
Carbonation has three major effects: (1) the pH in the pore water is lowered, (2) CH in PC 
and C3AH6 in CAC reacts to give Cc, and also (3) other metal hydroxides gives carbonates. 
These factors influence the leaching of metals in the compound by changing the solubility of 
components and the porosity of the matrix (Van Gerven et al., 2004). Thus, the 
phenomenon causes a loss of steel passivation through neutralisation of the pore water and 
may result in reinforcement corrosion. The products of carbonation lead to slight increase in 
strength and some pore blocking that reduces further C02 penetration and may improve 
reinforcement protection in low porosity material (Burford et al., 2003, Goni and Guerrero,
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2003, Newman, 2003). The main effect of carbonation will be to reduce surface pH over 
several months to levels increasingly conducive to sulfur oxidising bacteria (SOB).
Monteny et al. (2000) reported that a study of deterioration of concrete by aerobic 
microorganism shows that bicarbonate and carbonic acid attack (HC03‘, H2C03) exceed the 
severe sulfuric acid attack, as the production of gypsum was minimal. This destruction is 
enhanced by organic acids, production of sulfuric acid and complex salt decomposition 
which mimics what happens in sewer (Monteny et al., 2000).
2.4 Kinetics of Corrosion
The service life of concrete is estimated by the kinetics of cementitious material corrosion. 
There have been numerous methods of estimating the service life of concrete. The current 
models estimate the rate of concrete corrosion with the initial two steps: (1) prediction of 
the hydrogen sulfide generation in the sewer and (2) prediction of the flux of sulfide to the 
pipe wall. USEPA (1974) presented a model by Pomeroy to approximate the sulfide flux from 
wall slimes, which was the bases of many research of modelling corrosion (De Belie et al.,
2004, Roberts et al., 2002). The Pomeroy model is also used to predict the reaction of 
sulfuric acid and concrete. De Belie (2004) proposed a correlation between the corrosion 
rate and the sulfide released:
Cr =  11.5k$>sw V a//c (4 i)
U  _  ÇcCciOcem ent "h dCdOa g g re) 100
a “  d "56"
Where Cr= corrosion rate (mm/yr); k= factor related to the acid formation, based on climate conditions, 0.8 in moderate climates; 4>sw-  
sulfide release (g H2S/(m2 hr)); alk= alkalinity of the pipe material (g CaC03/g concrete); c = cement content (kg cement/m3 concrete); 
CoO«m„ t= content of soluble CaO in the cement (kg CaO/kg cement); o= aggregate content (kg/m3 concrete); CaOaggr= content of soluble 
CaO in the aggregates (kg CaO/kg aggregates); d= concrete density (kg/m3); 100/56 is the molar masses ratio of CaC03 and CaO
On the bases of Pomeroy's model, the study of corrosion has been extended by including 
the material and mineral change of concrete. Numerous studies has been performed by 
modelling of décalcification of cement-based material in leaching tests by pure water (De 
Windt and Devillers, 2010). Décalcification (loss of calcium) of cement paste in concrete is 
associated with several modes of degradation including leaching, carbonation and sulfate 
attack. The dissolution of CH in PC occurs readily, while dissolution of C-S-H occurs when CH 
is inaccessible or locally depleted (Chen et al., 2006). Calcium can be a good indicator of 
chemical deterioration as Ca is the main components in cement and plays an essential role
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in chemical reactions (Gérard et al., 2002). Generally, the chemical dissolution of inorganic 
material such as CAC and PC can be described by standard heterogeneous kinetic equations 
(involve reactions at interfaces, due to diversity of processes). The overall reaction process 
may involve three mechanisms that are known to influence the degradation kinetics 
(Adenot and Buil, 1992, Sohn and Wadsworth, 1979):
• Mass transfer of reactants and products between the bulk of the fluid and the 
external surface of the solid particle (bulk diffusion)
• Ion transfer (pore diffusion) caused by gradients between the corrosive solution and 
the pore water of the cement paste
• Dissolution or precipitation (chemical reaction) due to the variations in 
concentration in the pore water of the cement paste
The rate controlling step can change depending upon reactions conditions. Leaching 
experimentation has been done to characterise the cement degradation mechanisms and to 
develop a system of equations to model the attack. Several studies has demonstrated that 
the leaching of Ca from cement-based materials is essentially diffusion-controlled 
phenomenon (Gérard et al., 2002, Heukamp et al., 2001). A schematic representation of 
transport and reaction of Ca2+ is shown in Figure 15 below.
diffusion
convection
2 H X Ca24+ 2 X 
+ 2 H20
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V
Figure 15: Processes affecting Ca content of hydration products and pore solution in a volume element of 
thickness Ax at a distance x from the concrete surface (Dorner and Beddoe, 2002)
Two models have been adopted for describing the leaching processes, the core shrinking 
and particle shrinking models. These models describe the chemical dissolution in a fixed acid 
environment. In typical leaching systems, the factors influencing the rate of a leaching 
process could be summarized as follow (Sohn and Wadsworth, 1979, Levenspiel, 1972):
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• Rate of leaching increases with decreasing particle size of the ore since the smaller 
the particles, the larger the surface area per unit weight.
• If a leaching process is bulk diffusion-controlled then it will be greatly influenced by 
the speed of agitation. On the other hand, if it is chemically controlled then it will not 
be influenced by agitation; provided that enough agitation is done to prevent the 
solids from settling.
• Leaching rate increases with increasing temperature. However, this increase is much 
less remarkable for a diffusion-controlled process than for a chemically controlled 
process.
• Rate of leaching increases with increasing concentration of the leaching reagent.
• If an insoluble reaction product is formed during leaching, then the rate will depend 
on the nature of this product. If it forms a nonporous layer, then the rate of leaching 
will greatly decrease. If, however, the solid product is porous, then the rate may 
depend on the diffusion of acid into this porous layer.
Using Fick's first and second law of diffusion and considering the mass transport diffusion,
the study by Dorner and Beddoe (2002) proposed a series of models. The reaction kinetics is 
to a first approximation and is shown in Equation (43) -  (45):
d[Ca2+] m 0 
— t = K ^ - [ H * ] [ C a 2s *)
J h+ — ~ D h+P
Jca2+ = ~Dca2 + P
d[H+] 
dx
d[Ca2+]
dx
(43)
(44)
d x M  = 1
dt 2 VOp^/ x c(t)
(45)
Equation (43) [Ca2+] =  concentration of calcium (mol/L); [Ca2*J =  soluble calcium in the solid (mol/kg); [H2*] =  concentration 
of pore solution (mol/L); V -  solution volume (I); m0 = initial mass of the solid phase; K= rate constant; t = time 
Equation (44) JH+ = diffusion flux; DH+= effective diffusity of H+; DCo2+= effective diffusity of Ca2+; P- water saturated volume 
fraction; t = time
Equation (45) xc = capillary suction into concrete; A - absorption coefficient A (kg/(m2s°5)); 0= capillary porosity; pw-  
density of water; t = time
The theory was supported by numerous studies taking into account the porosity of the 
cement structure (Adenot and Buil, 1992, Batchelor, 1998, Bentz and Garboczi, 1992, Gérard 
et al., 2002, Kim and Batchelor, 2001, Yokozeki et al., 2004). In Gerard et al. (1992) assumed 
that the concentration changes of Ca due to the diffusion of Ca2+ ions out of the material,
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resulting from the chemical potential gradient between the pore solution and aggressive
solution. This results in dissolution of CH, CSH and C3AH6.
However, the use of Fick's second law in previous studies may have resulted in 
underestimation of service life prediction due to corrosion damage. The study by Liang and 
Lin (2003) incorporated a numerical model of the synergetic effect of multiple corrosive 
chemicals in concrete structures. Synergetic effect takes into account several factors in 
which produce the same effect, in this case corrosion of concrete. The study evaluates the 
synergetic effect of chloride, C 0 2 and sulfate ions in concrete using mathematical model 
with a system of one-dimensional linear diffusion model (Liang and Lin, 2003).
The aim of any kinetic modelling is to identify the rate determining factor. This is achieved 
by deriving and solving a steady state diffusion migration transport equations for all soluble 
reacting and non reacting species in the system in conjunction with the appropriate 
boundary conditions for a given rate controlling regime. The resulting expressions were 
simplified and are shown in Equations (46) -  (49) (Abdel-Aal, 2000, Levenspiel, 1972, 
Olanipekun, 2000, Sohn and Wadsworth, 1979).
a =  k 0t
1 — (1 — a)  3 =  k xt
2 1 
1 — — a — (1 — a) 3 =  k 2t
1 -  (1  -  a ) 3  + B
2 2
1 - - a  -  (1 -  a ) 3 =  k - i t
(46)
(47)
(48)
(49)
Equation (46) -  (49) a- diffraction of metals dissolved with time t; k0, kv k2= overall rate constants (min1); k3= mixed 
model rate constant (min 1 mol’1); B= Iq/kj
Equation (46) expresses bulk diffusion (film diffusion control) which can be overcome by 
increasing the turbulence around the coating (Levenspiel, 1972, Sohn and Wadsworth, 
1979). Equation (47) assumes the rate determining step of the leaching rate is the chemical 
reaction on the surface of the mineral, Equation (48) assumes the rate-determining step is 
diffusion through the product layer (pore diffusion control), and Equation (49) assumes the 
rate determining step of the leaching rate is the combination of chemical control and 
diffusion control. The dissolution of specific metals (e.g. Al3+ from CAC) obtained from a 
batch data can be fitted into the established shrinking core models expressed above. The fit
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of the data to the models determines the rate determining step for the reaction and thus 
the factor which controls and determines the rate of the coating dissolution.
After confirming the reaction mechanism, a graph is plotted (e.g. Equation (47) 1 — (1 — a)* 
vs t). The slope of the line gives the rate constant k by Equation (50) and (51) below (Abdel- 
Aal, 2000):
MbkccC 
p r m in -1 (50)
2 MbDC 
p r 2 min-1 (51)
Where kcc= chemical rate constant (cm min :); b= stoichiometric coefficient (dimensionless); M= molecular weight of the 
major zinc mineral; C= concentration of the acid (mol/m3); r= radius of the unreacted particle (m); p - density of solid
However, the models does not take account the biogenic biological activity and the 
processes involved in generating the bioacids. In 1998, Bohn et al. considered the 
microorganisms in the damaged concrete layer. The biological generation of S0 42 from H2S 
and transport of H2S and S0 42 from the interior of the pipe to the corrosion front, which 
separates the corroded and uncorroded part of the pipe walls were modelled (Böhm et al., 
1998).
The study by De Windt and Devillers (2010) has taken into account the biogenic organic 
acids produced in microbiologically induced corrosion. The numerical values were input into 
HYTEC software created by the authors which enables the migration and chemical processes 
(De Windt and Devillers, 2010). Since the software is not available commercially, the 
estimation of corrosion of concrete in this study uses simplified terms in Equation (46) to 
(51).
2.5 Summary of findings from literature review
The previous reviews have provided a thorough understanding of cementitious coating and 
how they degrade in the sewer. The study of microbiologically induced corrosion (MIC) 
shows that the organisms in the sewer play an important role in cement degradation. Sulfur 
oxidising bacteria (SOB), sulfur reducing bacteria (SRB), heterotrophic bacteria and fungi 
each are a factor in the sulfide cycle in the sewer (Refer Figure 8). Therefore, to solve the 
problem, there is a need to identify the environmental conditions where microorganisms
46
thrive (H2S concentration and pH). The initial pH of cement is 11 to 13, which is believed to 
decrease to approximately pH 7 by carbonation and adsorption of hydrolysis gasses. At this 
neutral pH, neutrophilic bacteria are able to colonise and produce metabolic products such 
as organic acids. These acids are able lower the pH to about 4, which deteriorates the 
structure and matrix of cement. The investigation of organism colonisation and metabolic 
acids produced on sacrificial coating provide better understanding on the effect on 
sequential growth in the coating's surface.
The study on the biogenic corrosion on concrete which covers the mechanism, morphology 
and chemistry of corrosion is well recognised and known. However, most studies have only 
focused on the chemistry and biogenic corrosion of Portland cement (PC), not calcium 
aluminate cement (CAC) (Okabe et al., 2007, Sand, 1997, Vincke et al., 2001, Yamanaka et 
al., 2002). Although CAC has been used since as early as 1950s, the study behind the 
chemistry and mineralogy of CAC has only bloomed significantly over the past 10 years due 
to the good performance in high H2S environment. The study by Berndt (2011) 
recommended CAC mortar for protecting concrete in cooling tower basins against sulfur 
oxidising or other acid producing bacteria as they exhibited excellent durability under the 
laboratory and field test conditions (Berndt, 2011).
The chemistry of hydration for CAC has been thoroughly discussed by several authors, 
namely Bradbury et al. (1976), Scrivener et al. (1999), Lamberet et al. (2008) and Juenger et 
al. (2010). They have all come to an agreement that calcium aluminate cement (CAC) 
performs better than Portland cement (PC), due to the toxicity of Al3+ and the higher acid 
neutralisation capacity (ANC). The key of good ANC lies in the nature of the hydrates of CAC. 
AH3 is stable down to pH 3 and 4. The dissolution of Ca2+ of other hydrates, leads to addition 
of more AH3, thus infill pores and make it stronger (refer Equation (52)). Below pH 3.5, AH3 
dissolves and neutralises more acid (refer Equation (53)). The overall chemical equation is 
shown in Equation (54) (Bradbury et al., 1976, Juenger et al., 2010, Lamberet et al., 2008, 
Scrivener et al., 1999).
C3A H 6 + 6H + 3C a2+ + 2AI(O H )3 + 6H 20 (52)
A H 3 + 6H + -> 2AI3+ + 6H 20 (53)
C3A H 6 + 2A H 3 + 24H+ 3C a2+ + 6AI3+ + 24H 20 (54)
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The chemistry, biogenic corrosion and the sequential growth of organism in sour media 
need to be supported by experimental research both in the laboratory (accelerated tests) 
and in the sewer (field tests). Alexander and Fourie (2011) have completed a field test, 
where the performance of CAC is compared with PC. The study by Scrivener et al. (1999) 
completed laboratory and field tests and used T Thiobacillus bacteria for biogenic corrosion. 
The laboratory results are compared with the field results. Ehrich et al (1999) performed 
both accelerated biological test and accelerated chemical test in the laboratory. Using 
weight loss as an indicator, the study found that CAC performs better than PC for both 
experiments. In 2008, Lamberet et al. have done a field test that shows that CAC perform 
better than epoxy coatings by measuring the pH of the sewer walls. The study also shows 
the stability domain of AH3 (Poubaix Diagram). These studies have provided knowledge on 
the basic chemistry of CAC. However the previous studies have assumed that the conversion 
(corrosion) of CAC is dominated by the precipitation and dissolution of the hydrates 
(includes carbonation and acid attack). It should be pointed out that on contact with organic 
acids, metals (such as AI+ and Ca2+) are able to form insoluble complex compounds. The 
study by Fomina et al. (2007) have shown that when metals has been leached out from the 
concrete surface, it complexes with the organic acids and precipitates to form complex 
organic compounds. The study by Fomina et al. (2007) has been performed on PC, not CAC 
(Fomina et al., 2007). Therefore, there is a need to investigate and obtain an understanding 
on the dominating pathway of conversion of CAC, whether it is a complexation reaction of a 
precipitation reaction.
The mineralogy of CAC has also been studied by several authors. In 1976, Bradbury et al. has 
described in detail the conversion oh hydrated CAC using Thermogravimetric analysis (TGA). 
Chotard et al. (2001) has confirmed the TGA results and included ultrasonic testing to verify 
the structure of CAC hydrates. Lamberet et al. (2008) combined the knowledge of the 
microstructure of CAC (stable and metastable) with ANC reactions for C3AH6, CA and C2AH8. 
Juenger et al. (2010) explains in detail the mineralogy, hydration and conversion of CAC. 
They concluded that CAC offers rapid strength gain and good durability, but the loss of 
strength that occurs over time due to conversion of metastable hydrates to stable hydrates 
increases the porosity. The crystallinity of CAC hydrates has been confirmed by Chotard et 
al. (2001) and Cardoso et al (2004) using X-Ray diffraction (XRD). These studies have been
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focusing on the hydration of CAC, and not the conversion of CAC once corroded. To date, 
the studies that has been done on the mineralogy alteration of corroded CAC has only 
covered the precipitation of CAC (includes acid attack and carbonation) (Sugama et al., 
2002, Goni and Guerrero, 2003). Therefore, there is a requirement to investigate in detail 
the mineralogy of conversion of corroded CAC using TGA and XRD, while taking into account 
the complexation and precipitation processes.
There is a number of kinetics and modelling of degradation of PC, however not for CAC. 
Current models for PC assumed that diffusion is the main transport mechanism (Adenot and 
Buil, 1992, Batchelor, 1998, Bentz and Garboczi, 1992, Gérard et al., 2002, Kim and 
Batchelor, 2001, Yokozeki et al., 2004). However this might not be the case for CAC. 
Therefore all three mechanisms of degradation are considered in this study: mass transfer 
of reactants and products (bulk diffusion), ion transfer (pore diffusion) and dissolution or 
precipitation (chemical reaction). Once the rate determining step is known, the lifespan of 
the coating could be estimated.
Overall, there are still numerous knowledge gaps that require deep understanding. By 
combining the knowledge of chemistry of corrosion, the conversion on CAC and the 
complexes formed by the corroded products, the degradation mechanism of CAC can be 
fully understood. This thesis discusses the performance of calcium aluminate cement (CAC) 
and Portland cement (PC) in terms of their resistance to mineral acid attack and biogenically 
generated acid attack. Two type of test is used: a dynamic test developed in the laboratory 
(accelerated biological and chemical test) and an investigation in a live sewer in which large 
amount of acids are generated (field test). This covers the (1) sequential growth of 
organism, (2) hydration and conversion of CAC, (3) chemistry of sacrificial coating 
degradation, (4) kinetics modelling of corrosion.
The first chapter (1) sequential growth of organism combines data from field tests, 
microflora analysis and surface pH. The focus of this study is to identify the type of organism 
which grows on the surface of coating and the metabolic acids produced. Sample placed in 
the sewer is used to confirm amount and type of acid produced by organism. Microflora 
analysis and ion chromatography is used for the bioacid analysis. The amount of acids 
produced is correlated to the conversion of corroded CAC in chapter (2).
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The second chapter of results is (2) hydration and conversion of CAC. This is achieved by 
performing analytical and mineralogical test such as X-Ray Diffraction (XRD), 
Thermogravimetric Analysis (TGA), studying the physical properties and also the 
neutralisation capacity of CAC. TGA is done to connect the hydrated structure with the 
corrosion rate and amount of acids produced on the surface (from chapter (1)), while XRD is 
done to confirm the TGA results. This will give a better understanding on the crystal 
structure, physical and mineralogical properties of the corroded CAC.
The third chapter is (3) chemistry of sacrificial coating degradation. This chapter uses 
accelerated chemical tests to determine the reactions involved in the dissolution of the 
coating. The tests will also give a theoretical guess of the rate of degradation of sacrificial 
coatings. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) is done to 
check the dissolved metals leached from CAC, which will be correlated to corrosion rate.
The last chapter (3) kinetics modelling of corrosion uses the data collected from 
accelerated chemical test and accelerated biological tests and fits it into a model to find the 
life expectancy of the coating. The rate of degradation is both determined by acid 
penetration rate and also dimension loss. This model is validation with data from field test. 
If the dominating pathway is through chemical diffusion (precipitation), then acid 
permeation through the coating is significant and the mineralogical and porosity of the 
sacrificial coating is important for a longer service life of coating. However if the degradation 
is dominated by chemical control (absorbed acid and permeation through), then the 
understanding of neutralisation capacity and thickness of the coating is important to 
provide a longer service life of coating.
By comparing and contrasting performance of CAC and PC, the knowledge is used to assist 
with selection of concrete materials that reduce or control corrosion in sewers.
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Chapter 3: Experimental Methodology
3.1 Characteristic of Sewer Pipe Samples
The calcium alumínate cement sample is Sewpercoat, and was provided by Kerneos 
Australia. The composition is within the low alumina and high iron range and is shown in 
Table 5 below.
Table 5: Composition of CAC used for experiments
Grade Low alumina (%)
Colour Light buff or grey
Al;03 42-47
CaO 35-39
oIn 3-7
Fe203+Fe0 9-12
r\l
Oi- <4
MgO <1.5
Na20 + K20 <0.5
Physical and mechanical properties:
• Bulk density: 2.1 g/cm3
• Specific gravity: 3.0 -  3.2 g/cm3
According ASTM C 642, the volume of permeable voids at 40 days of curing is 15 % (Hewlett, 
2004). The porosity of CAC is calculated using Equation (55) and is found to be 0.21.
0 = 1 - —  (55)
0  = porosity; pP= particle density, assumed to be 2.65 g/cm3; pB-  bulk density;
The Portland cement sample that was used is SikaGrout-212HP, provided by Sika Australia 
Pty Ltd. The composition is shown in Table 6 below.
Table 6: Composition of PC used for experiments
Grade (%)
Colour grey
Quartz (Si02) 30-60
Cement 30-60
Others <5
Physical properties:
• Bulk density: 1.8 g/m3
Both CAC and PC are moulded and cured for 24 hours in a fog room at >98% relative 
humidity at room temperature. Then the samples were demoulded and continued to be 
cured for 48 hours. The water to cement ratio for both CAC and PC are maintained to be 0.4
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(weight/weight). The cement suppliers have identified 0.4 to b the optimum ratio for water 
to CAC mixture. Excess water (more than 0.4 water to cement ratio) would cause more 
unconverted CAC (CA) to be converted to metastable hydrates (CAHi0 or C2AH8). The 
conversion of metastable hydrates (CAHio or C2AH8) to stable hydrates (C3AH6 and AH3) 
creates a reduction in solid volume and an increase in the porosity of the structure. 
Conversely, the lack of water (less than 0.4 water to cement ratio) would not allow the 
uncoverted CA to be converted to the stable state, thus affecting the strength of the 
mixture (Newman, 2003).
In addition to cement-based coatings, epoxy coatings were used as a comparison of 
performance. Epoxy coatings are polymeric based coatings that are generally used as sewer 
linings (Haile and Nakhla, 2009). The epoxy coatings were placed in the field test as a 
parallel project. For confidentiality, the epoxy coatings are named Epoxy 1, Epoxy 2 and 
Epoxy 3.
3.2 Accelerated Chemical Corrosion Test
The accelerated chemical corrosion test is an immersion test that is modified from the 
standards ASTM D6943 -  10 Standard Practice for Immersion Testing of Industrial Protective 
Coatings and ASTM C267 -  01 (2006) Standard Test Methods for Chemical Resistance of 
Mortars, Grouts, and Monolithic Surfacings and Polymer Concretes. The immersion test was 
performed for CAC to evaluate chemistry of corrosion. Two acids were used: oxalic acid (1, 5 
and 10% H2C20 4) and sulfuric acid (1% H2S04). The former was used to resemble organic 
acids produced by the organisms, while the latter was used for comparison. The time frame 
for immersion was 1, 3, 5, 7, 14, 21, 28 and 45 days for oxalic acid and 0.5, 1, 2, 3, 4 and 19 
hours for 1% sulfuric acid. The pH value of the sulfuric acid solution and oxalic acid was 
monitored with a digital pH meter. It was kept in the range by adjusting the pH value using 
98% sulfuric acid. The solution was thoroughly stirred twice a week in order to reduce 
differential concentrations of the acid within the solution tank (Chang et al., 2005). The 
samples were then towelled dry and the dimension changed was measured.
3.3 Accelerated Biological Corrosion Test
The accelerated biological corrosion test is an immersion test done to immerse samples in a 
chamber that mocks the sewer environment. Samples were placed in a cassette made of
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perspex with 2 slots for cementitious samples and 7 slots for epoxy sample (a parallel 
project, not discussed in this thesis). The epoxy coatings are used more widely than cement 
based coatings. Therefore, the comparison of the growth of organisms on CAC and epoxy 
coatings provides a relative comparison of the two major types of coatings. The dimensions 
of the cassette are shown in Figure 16 and Figure 17.
26mm 3mm
15mm
1 200mm 1
Figure 16: Dimensions for cassettes used for accelerated biological test
Figure 17: Example of samples for accelerated biological test
The cassettes were then sent to University of Queensland who was a collaborator in this 
project. The conditions of the chamber was 50 ppm H2S, 25°C and 100% relative humidity. 
The conditions reflect the average high end of corrosivity in sewers in Australia, and would 
be ideal for accelerated corrosion testing of CAC. The use of 50 ppm would also be sufficient 
to accelerate the biodegradation so that sufficient corrosion could be achieved within the 
time frame of this project. The time frame for testing the samples was 3 and 6 months and 
is designed to resemble the field samples placed in the sewer. The liquid within the chamber 
is 100% sewage and is replaced fortnightly to mimic the conditions in an actual sewer, 
where the both the organisms and nutrient source is obtained from the sewage. Anaerobic 
conditions in sewage support microorganisms that convert sulfate and organic sulfur 
compounds to hydrogen sulfide (H2S). The sulfate-producing microorganisms are presumed 
to be dominated by the genus Thiobacillus and oxidized the dissolved sulfide to corrosive 
sulfate (Cho and Mori, 1995). The amount of sulfate (S022 ) within the sewage was not
53
measured but was assumed to be acidic because of its corrosive effect on CAC. The chamber 
was completely sealed and H2S gas was measured using a H2S odour log detector and 
maintained using a fan.
The difference of the field and laboratory tests is that the chamber has controlled conditions 
whereas the sewer has fluctuation of temperature, H2S content and humidity. Samples that 
were placed at the roof of the chamber resembles the exposure to the gas phase of the 
sewer, conversely the samples placed on the floor of the chamber was partially submerged 
in liquid and resembles the tidal phase of the sewer. A schematic diagram of the 
relationship between the accelerated biological test and the field test is shown in Figure 18. 
The biochamber is shown in Figure 19.
Figure 18: Schematic diagram of correlation between accelerated biological test with sewer and field test
Figure 19: Biochamber in the University of Queensland
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The samples were tested for surface pH, acid penetration depth, bulk pH analysis and 
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) analysis to measure the 
extent of corrosion.
3.4 Field Test
In the field test, coupon samples were placed in stainless steel basket into sewers in Sydney, 
Melbourne and Perth with collaboration from Sydney Water, Melbourne Water Corporation 
and WA Water Corporation. The results from the field test were used to predict the 
corrosion of samples. The time frame for the samples was 6, 12, 18, 24 and 30 months. 
However so, the sewers give a range of H2S concentration, temperature and relative 
humidity which changes with seasons and rainfall. The average H2S content for each 
location is shown in Table 7.
Table 7: Field test locations and average H2S content
Location Sewer Pipe Name H2S content (ppm) Comm ents/Notes
S y d n e y
S W O O S  S o u th  B a rre l 2-4 S y d n e y  H ig h  H 2S
S W S O O S  N o rth  B a rre l 2-4 S y d n e y  L o w  H 2S
M e lb o u r n e
W e s te rn  T ru n k  S e w e r 7-10 M e lb o u r n e  H ig h  H 2S
S o u t h e a s t e r n  T ru n k  S e w e r 1-2 M e lb o u r n e  L o w  H 2S
P e rth
B ib ra  La k e 60-70 P e rth  H ig h  H 2S
P e rth  M S 600 -700 P e rth  L o w  H 2S
The rails were installed in the sewers parallel to the flow direction of sewage in a staggered 
arrangement to minimise air flow movement. The coupon sizes are 25 x 50 x 50 mm. Two 
coupons were placed for each location and time frame. A schematic diagram of placement 
of coupons in sewer is shown in Figure 20 and the installation is shown in Figure 21 and 
Figure 22.
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Figure 20: Schematic diagram of placement of coupons in sewer (field test)
Figure 21: Installation of roof samples in field (Perth sewer)
Figure 22: Installation of tidal samples in field (Perth sewer)
In addition to the coupons placed in sewer, Sydney Water Corporation also supplied CAC 
core samples. The coating was applied on 23 November 2007 in the SWSOOS 2 North Cell,
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Botany, Sydney. The core samples were 3 years old and were in good condition with 50 mm 
thickness in the average 12.4 ppm H2S. Figure 25 shows the core sample location taken from 
the sewer walls and Figure 24 show the core samples itself.
Figure 23: Location of CAC core samples on the wall of sewer
Figure 24: The core samples from SWSOOS 2 North Cell, Botany from Sydney Water Corporation
The coupons and core samples were then analysed for surface pH, acid penetration depth, 
degradation rate, bulk pH and ICP-AES to determine the corrosion.
3.4.1 Analysis of Coupons -  Bulk pH and Surface pH
The surface pH was measured using Fluka liquid universal indicator pH3-10. Universal 
indicator was dropped on to the surface of sample and the color change indicates the pH. 
Figure 25 shows the method of determining surface pH using universal indicator.
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Figure 25: Method of determining surface pH
The bulk pH was measured by scraping the surface of the sample, sieve it to fine particles 
(~250 pm) and dissolved in high purity water with a liquid to solid ratio of 10 (L:S =10). The 
mixture was then placed on shaker at 150 rpm for 7 days. The pH was monitored on day 0, 
1, 3, 5 and 7 until it stabilizes. Once the pH stabilizes, the mixture was filtered and the liquid 
was analysed with ICP-AES to measure the amount of Al3+ and Ca2+ that has leached from 
the sample.
58
3.4.2 Analysis of coupons -  Microflora Analysis
The principle behind the microflora analysis was to use specific growth media to identify 
various genus of organism. Cho and Mori's method was employed to isolate and identify the 
microorganisms by sequential growth on selective media. This culturing method by Cho and 
Mori (1995) is a semi-quantitative analysis that is used to identify the specific growth of the 
organism and relative growth. The basis for the identification is the growth on the nutrients 
that supports the growth of specific organism. This method provides sufficient indicator of 
the type and proliferation of organism.
There were types of selective plates used namely, T6.5, T06.5, T2.5, T02.5, 02.5, S2.5, and 
F4. Two pHs were considered 6.5 and 2.5 to reflect growth of neutrophilic and acidophilic 
organisms respectively (Cho and Mori, 1995). Microorganisms grown on the surface of each 
coupon were scrubbed off and spread-plated on T6.5, T06.5, T2.5 and T02.5. Agar based 
T6.5 and T06.5 media were used to support the growth of neutrophilic microorganisms, and 
colloidal silica based T2.5 and T02.5 media were used for acidophilic microorganisms. In 
addition, heterotrophic and autotrophic natures of microorganisms are distinguished by the 
addition of yeast extract in TO media. After 2 to 3 weeks of incubation at 30 °C, all the 
colonies grown on these plates were spread-plated on Czapec Dox agar plates to identify 
the existence of fungi.
The colonies from T2.5 plates were spread-plated on F4 media. The colonies which grew or 
did not grow on F4 media were identified as autotrophs T. ferrooxidans and T. thiooxidans 
respectively. T. ferrooxidans is an iron oxidising bacteria and T. thiooxidans is a acidophilic 
sulfur oxidising bacteria. The colonies grown on T02.5 plates were spread-plated on 02.5 
plates followed by S2.5 and F4 plates depending on its growth. The colonies grown on S2.5 
were identified as T. acidophilus, a facultative autotroph which derives energy from the 
oxidation of reduced sulfur and carbon compounds and/or organic substances (Cho and 
Mori, 1995). A diagram of this identification scheme is shown in Figure 26.
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Plate spreading 
of sample x
Neutrophilic
Acidophilic
Figure 26: The Identification scheme for Microflora Analysis (Cho and Mori, 1995)
The extent of growth of the bacteria was estimated using the following percentage of 
coverage of the agar plate:
0: No growth 1: Traces of growth 2: Light growth 3: Medium growth 4: Heavy growth
(<10% coverage) (10 to 30% coverage) (30 to 60% coverage) (>60% coverage)
The plates were prepared for specific growth nutrients, T6.5, T06.5, T2.5, T02.5, S2.5, 02.5 
and Czapex Dox. The chemical compositions of these plates are shown in below Table 8 and 
Table 9 (Cho and Mori, 1995).
Table 8: Agar plates
Composition Media
T6.5 T06.5
Basal salt (g) NH4CI 0.5 0.5
k2h po 4 4.0 4.0
kh 2po4 4.0 4.0
MgS04.H20 0.8 0.8
Metal trace solution111 1.0 ml 1.0 ml
Nutrients (g) NaS20 3.5H20 8.0 8.0
Yeast extract - 2.0
Gelling agent (g) Agar 20.0 20.
Millipure H20 (ml) 1000 1000
pH 6.5 6.5
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Table 9: Colloidal silica plates
Solutions Media
T2.5 T02.5 02.5 S2.5 F4
A (1:5) H2S 0 4: Millipure H20  (ml) 3.5 3.5 3.5 3.5 3.5
Basal salt solution*2’ (ml) 17.5 17.5 17.5 17.5 -
Concentrated F 4 basal salt solution13’ (ml) - - - - 17.5
pH (adjusted with H2S 0 4) 2.5 2.5 2.5 2.5 2.5
B Elemental sulfur (g) - - - 2.5 -
Na2S20 3.5H20  (g) 2.0 2.0 - - -
Yeast Extract (g) - 0.5 0.5 - -
FeS04.7H20  (g) - - - - 11.0
Millipure H20 (ml) 29 29 29 29 29
pH (with H2S 0 4) 2.5 2.5 2.5 2.5 2.5
C Colloidal silica (ml) 200 200 200 200 200
1) Metal trace solution contains (g.l1); EDTA 0.5, ZnS04.7H20 0.22, CaCI2.2H20 0.0720, MnCI2.4H20 
0.0506, Fe2S04.7H20 0.0499, (NH4)6Mo70 24 0.011, CuS04.5H20 0.0157, and CoCI2.6H20 0.0161.
(2) Basal salt is as in the agar plate, but it is dissolved in 70 ml of distilled wáter
(3) F4 basal salt solution contains (g.70 ml"1); (NH4)S04 3.0, K2HP04 0.5, KCI 0.1, MgS04.7H20 0.5, and 
Ca(CI)2.2H20 0.0132.
The agar mixture plates were prepared by mixing the chemicals in Table 8 and sterilize the 
mixture by autoclaving at 120 °C for 20 minutes. The colloidal silica plates were prepared 
using 3 different solutions in Table 9, A B and C. Solution A and C autoclaved at 120 °C for 20 
minutes then cooled to 60 °C. Solution B was warmed to 60°C. The pH for Solution A and C 
was adjusted to 2.5 using H2S04. Solution A was mixed with solution B, the solution C was 
added to the mixture. The mixture was poured immediately into petri-dishes and solidified 
for 30 hours at 55 °C in enclosed plastic bags. Then, the plates were spread with inoculums 
and were incubated for 2-3 weeks at 30 °C (Cho and Mori, 1995).
The organisms that were of interest in this study included fungi, neutrophilic and acidophilic 
bacteria. These organisms are considered to be responsible for generating organic, lactic 
and sulfuric acids respectively. Organisms growing on plates T6.5 and T06.5 are neutrophilic 
bacterias and growing on T2.5 and T02.5 are acidophilic bacterias.
3.4.3 Analysis of Coupons -  Acid Penetration Depth
The acid penetration depth of coupon was measured using the pH difference between raw 
and degraded samples as shown in Figure 27 below:
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Figure 27: Methodology of measuring degradation rate from acid penetration depth
The pH and acid penetration depth is recorded and compared between samples placed in
different H2S environment. The results are used to study the corrosion of CAC and PC and 
examples are shown in Figure 28 and Figure 29.
Figure 28: Example of corroded CAC sample for acid penetration rate
Figure 29: Example of PC sample for acid penetration rate
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3.4.4 Analysis of Coupons -  Degradation Rate
The degradation rate of coupon was measured using the size difference between raw and 
degraded coupons as shown in Figure 30 below:
Raw coupons Degraded coupons
Figure 30: Methodology of measuring degradation rate from dimension change
Degradation rate= (A — xf)  +  (Æ — x 2) +  (C — x 3)
3
(56)
The pH and acid penetration depth were recorded and compared between samples placed 
in different H2S environment. The results are used to study the corrosion of CAC and PC.
3.4.5 Analysis of Coupons -  Hardness
The degradation and corrosion of CAC was also measured by hardness test. The hardness 
gives an indication of the softness of the material. When cement corrodes, it becomes 
softer. The extent of corrosion was examined though the bulk sample by slicing the 
coupons. The physical strength of CAC was measured by hardness of the surface of field 
samples, following the ASTM D2240-05 Standard Test Method for Rubber Property— 
Durometer Hardness. The hardness was measured by a Shore D hardness meter with units in 
HD (0 HD indicates complete penetration of sample, 100 HD if no penetration occurs). The 
unit HD is a durameter unit of force (Newtown), where
Force, N = 0.4445 HD (57)
The field samples from Sydney, Melbourne and Perth were washed to brush off all the 
laitance material on the surface of the samples. Thus, the 'surface' of the sample indicated 
here does not take account the corroded layer that has been washed off, and the actual 
value might be lower than shown. For simplicity, the hardness is measured as a function of
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H2S concentration without taking account the difference of time and temperature of each 
site.
3.5 Analytical Methods
3.5.1 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) is an analytical 
technique to detect trace elements by emission spectroscopy. The technique uses the 
inductively coupled plasma to produce excited atoms and ions that give off electromagnetic 
radiation of varying wavelengths. Each element of the periodic table has a corresponding 
wavelength. The detector within the ICP detects this wavelength and also its intensity and 
can therefore calculate the amount of each element present within a lubricant sample. ICP- 
AES is able to do 108 counts s 1 per atom (Hill, 2006, Oil Check Laboratory Services Ltd, 2010, 
Dean, 2005, Montaser, 1998, Tanner et al., 1999).
A flame is generated by ionizing argon gas and running it through an intense magnetic field. 
The temperature of the gas/flame is in the range of 4500-8000 K and for the electron 
temperature is 8000-10000 K. The rf current through load coils generates a magnetic field 
which induces a current in the argon gas stream. Plasma is formed almost instantaneously 
when the argon gas is seeded with energetic electrons. The vaporization-atomization is 
conducted in a nearly chemically inert environment (Montaser, 1998). The plasma emission 
from the torch is focused using a series of mirrors. A collimating mirror directs the light 
beam onto an Echelle grating. Here, the grating diffracts the monochromatic light into its 
constituent wavelengths and thus the constituent wavelength orders. The resultant beam 
from the prism forms a 2D image called an Echellogram which shows a cascade of 
wavelengths varying from 167 - 785 nm. Then, a camera mirror focuses this image onto an 
extremely sensitive detector chip which is cooled to -35 °C to improve accuracy. Finally, the 
computer calculates the amounts of each element present in the sample based on the 
wavelength patterns on the detector chip (Oil Check Laboratory Services Ltd, 2010, 
Montaser, 1998). Machine used is ICP Optical Emission Spectrometer Series Varian 720-ES. 
The system optical diagram of ICP-AES is shown in Figure 31 below.
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Figure 31: Layout of the optical system in ICP-AES (Barnard et al., 1993)
The concentration of standards used for aluminium was 100, 50, 10, 5, 1, 0.5, 0.1 mg/L of 
aluminium in 2% nitric acid. For calcium 0.0996, 0.498, 0.996, 4.98, 9.96 mg/L of calcium in 
2% nitric acid was used. The samples were diluted to 100 and 1000 with 5% nitric acid. The 
calibration curve produced from standard was used to identify the unknown concentration 
of aluminium and calcium in samples.
3.5.2 Thermogravimetric Analysis (TGA)
Thermogravimetric Analysis (TGA) is a technique in which mass change of a substance is 
measured as a function of temperature whilst the temperature is controlled by a 
temperature program. The degradation temperature of a specific structure is unique to a 
temperature range (see Table 3 for CAC) and is used to compare the hydrated and corroded 
structure of CAC and PC. The temperature program must be taken to include holding the 
sample at a constant temperature, T other than ambient, when the mass, m change is 
measured against time, t. Mass loss is only seen if a process occurs where a volatile 
component is lost. Examples of TGA and DTA/GTD results are shown in Figure 32 
(Warrington et al., 2002):
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Figure 32: Example of TGA results (left) and DTA results (right) (Warrington et al., 2002)
Figure 32 (right) is an example of Derivative Thermal Analysis (DTA) or Derivative 
Thermogravimetric (DTG), in which are alternative representation of TGA. DTA (or DTG) is 
simple a derivative (dm/dt or dm/dT) of the curve in TGA. The area under the DTG peak is 
proportional to the mass loss, so relative mass losses may be compared. Measurements of 
just relative peak heights may suffice for some purposes. The position of the peak may not 
be indicative of any characteristic point in the mechanism of the reaction, only where mass 
loss is fastest (Warrington et al., 2002). The TGA used was a Q-600 series from TA 
Instruments. The explored temperature interval ranged between 25 and 600 °C at a heating 
rate of 10 °C/min with air gas flow rate of 20 mL/min.
3.5.3 X-Ray Diffraction (XRD)
X-Ray Diffraction (XRD) is an important method of determining the crystalline structure of 
materials in which is used to validate the hydrated and corroded structure in TGA. As the 
inter-atomic distances in a crystal are on the scale of X-rays, the bound electrons act as a 
diffraction grating. XRD gives the distance of regions of highest electron density, which is the 
distance form one crystal plane to the next. This distance is called d-spacing, which can be 
calculated from Brogg Law (Lu et al., 2009):
nA = 2d sin 9 (58)
Where
A = wavelength of the X-ray
n = integer number
d = distance between adjusted crystal planes
0 = Bragg angle
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XRD techniques include single-crystal and powder XRD. Since most mesoporous materials do 
not exhibit crystalline structure on an atomic scale, and their crystal sizes are usually in the 
range of 1-2 pm, their structure are always detected by XRD (Lu et al., 2009). The peak 
width from XRD results represents the crystallization of material, the peak shows the 
texture and peak location corresponds to the lattice spacing (d). The XRD equipment used is 
the XRD Siemens D5000 with a scan range of 1-150° angle. Setup conditions include 2-Theta 
angle 2-90° angle, step size 0.04°, step time Is.
3.5.4 X-Ray Fluorescence (XRF)
X-Ray Fluorescence (XRF) is used to find the composition of elements of the sample. In XRF 
spectroscopy, a source of X-rays ejects electrons from the inner shells of the atoms of the 
sample. The x-ray can either be absorbed by the atom or scattered through the material. 
The process in which an x-ray is absorbed by the atom by transferring all of its energy to an 
innermost electron is called the "photoelectric effect." During this process, if the primary x- 
ray had sufficient energy, electrons are ejected from the inner shells, creating vacancies or 
voids. When an outer shell electron fills in the void created in the inner shell, an x-ray 
characteristic of that atom is emitted. This process is called "fluorescence". Each element 
has its own characteristic energy and can be identified by the wavelength of the x-ray. The 
intensities of the x-ray lines are proportional to the concentration of the elements. Primary 
fluorescence is fluorescence that results from the exciting beam of X-ray photons, producing 
the characteristic radiation of an element or elements. Secondary fluorescence occurs when 
the characteristic radiation produced in turn induces the characteristic radiation of another 
element in the sample. Tertiary fluorescence results when the characteristic radiation of the 
secondary fluorescence results in the production of the characteristic radiation of a third 
element (Thomsen and Schatzlein, 2002, Thomsen, 2007). A schematic diagram is shown in 
Figure 33.
Figure 33: X-ray fluorescence: (a) primary, (b) secondary and (c) tertiary (Thomsen, 2007)
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3.5.5 Bioacid Analysis -  Ion Chromatography
Ion chromatography (1C) was used to do the bioacids analysis of samples. The usage of 1C is 
important to determine many simple organic anions and cations both accurately and 
reliably. When a sample is introduced to an 1C, an equilibrium is established for each sample 
component between the eluent and stationary phase, as shown in Figure 34 (Haddad and 
Jackson, 1990).
Eluent ----------*• •  •  •  ••  •
\ \  Stationary sxnx sSX?
(b)
Figure 34: Schematic illustration of the distribution of solute molecules (represented by black dots) between 
the stationary and mobile phases when the distribution coefficient DA is (a) low, (b) high (Haddad and
Jackson, 1990)
The rate of travel is determined by the average velocity of the mobile phase, the volume of 
mobile phase, the weight of stationary phase and the distribution coefficient for the 
particular component. If the chromatographic parameters remain constant, the only factor
which changes from one component to the next is the distribution ratio. Provided each 
component has a unique value of the distribution ratio, then each component will have a 
different (and characteristic rate) rate of travel through the stationary phase. That is, each 
component will emerge from the column at a characteristic retention time. The 1C 
equipment used is an ICS-2000 and the analytical conditions are shown in Table 10.
Table 10: Analytical conditions for the ion chromatography analysis
Condition Details
C olum n
lonPac A S1 1-H C  A n alytica l (4 m m ) 
lonPac A G 1 1 -H C  G uard (4 m m )
Flow  rate 0.25 m L/m in
Injection vo lu m e 25 pL
T e m p era tu re
Cell te m p era tu re  nom inal: 30 °C 
C olum n te m p erature  nom inal: 30 °C
D etection Sup pre ssed  co nductiv ity , A SR S Ultra II 2 mm
Eluent source EG C III KOH
G rad ient
1 m M  KOH, hold for 8 m ins; 
1- 30 mM KOH in 20 m ins;
30 - 60 mM  KOH in 10 m ins; 
60 m M  KOH, hold for 2 m ins; 
60 - 1  mM KOH in 5 m ins
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3.6 Acid Neutralisation Capacity
The acid neutralization capacity (ANC) method is used to measure the ability of the material 
to neutralise acid, an essential element for coatings in acidic corrosive sewer environment. 
The ANC is based on the British Standards: DD CEN/TS 15364:2006 (Characterization of 
waste - Leaching behaviour tests - Acid and base neutralization capacity test) which involves 
extraction of sample particles smaller than 1 milimeter (<1 mm) for 48 hours with a range of 
concentrations of nitric acid. Another standard that is used is the European Committee 
Standards: CEN/TS 14429:2005 (Characterization of waste - Leaching behaviour tests - 
Influence of pH on leaching with initial acid/base addition) and also CEN/TS 14997 
(Characterization of waste - Leaching behaviour tests - Influence of pH on leaching with 
continuous pH-control) (Chen et al., 2009, Leonard and Stegemann, 2010, Stegemann and 
Cote, 1990, Wahlstrom; et al., 2009).
The samples were filtered with a 250 pm sieve to ensure similar particle size distribution 
between samples. The particle distribution is determined using Malvern Mastersizer (range 
800 - 0.05 pm) for both CAC and PC is added into appendix 7.2. The particle size of CAC is in 
the range 20 pm to 60 pm, and PC is in the range of 20 pm to 50 pm. The mean particle size 
for CAC and PC is 37.02 pm and 31.23 pm respectively.
Sample was prepared with liquid of solid ratio 10 (L/S=10). Known amount of acid is added 
to sample (1.5, 3.0, 4.0, 4.5, 4.75, 5.0, 5.5, 6.0, 7.0, 8.0 mL of HN03). The samples were 
placed on a shaker rotating at 150 rpm and the pH was measure at a time interval (t= 0.5 hr, 
1.5 hr, 13 hr, 44 hr, 48 hr, 68.5 hr and 2.99, 3.13, 8.84, 16.88 days). According to standard 
CEN/TS 14997 and CE/TS 14429 the pH difference between samples at 44 hours and 48 
hours was be less than 0.3. Then, the sample was centrifuged, filtered and further analysed 
using ICP.
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Chapter 4: Results and Discussion
4.1 Analysis of microbiologicalgrowth and activity on CAC
Microbially induced concrete corrosion (MICC) in sewer systems has been a serious problem 
for a long time. A better understanding of the succession of microbial community members 
responsible for the production of corrodent acids acid is essential for the efficient control of 
MICC. In sewer systems the deterioration of concrete or cement lining is recognised to 
result from microbially induced concrete corrosion (Okabe et al., 2007). It is widely 
recognised that various organisms including heterotrophic and chemolithotrophic bacteria 
and fungi grow in the sewer (Cho and Mori, 1995, Davis et al., 1998, Gu et.al., 2000, Parker, 
1945b). However only the roles of the sulfur reducing thiobacillus species (that reduces 
sulfate groups in the sewage to give off H2S) and the sulfur oxidizing species (oxidises of H2S 
to sulfuric acid in the sewer crown) to a lesser extent the generation of nitric acid by 
nitrifying bacteria are linked to the sewer pipe corrosion (Gu et.al., 1997). The proliferation 
and growth of organisms is dependent on various factors, the most critical are temperature 
and pH. Cho and Mori (1995) has suggested that organisms growth occurs successively, 
allowing for example for fungi to neutralise the surface to allow the growth of 
acidithoibacillus bacteria.
In this study the successive growth and metabolism of organisms growing on CAC coupons 
installed in sewers was examined for 6 to 12 months. The micro-organism community was 
examined microflora analysis utilizing culturing methods. Acidic metabolites that were 
generated were identified qualitatively and quantitatively by ion chromatography (1C).
4.1.1 Field coupon installation and retrieval
Samples of calcium aluminate cement (CAC) and Portland cement (PC) were installed in 
three sites to provide a range of temperature and hydrogen sulfide conditions under which 
the corrosion would take place. The three cities chosen were Melbourne (17-21 °C, 1-10 
ppm H2S), Sydney (18-26 °C, 2-4 ppm H2S) and Perth (10-28 °C, 60-700 ppm H2S) with the 
collaboration from Sydney Water Corporation, Melbourne Water and Water Corporation. 
The sewer pipes and conditions are shown in Table 11 and the corresponding installation 
dates are shown in Table 12.
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Table 11: Field test locations and estimated H2S content
Location Sewer Pipe Name H2S content (ppm) Comments/Notes
Sydney SWOOS South Barrel 2-4 Sydney High H2SSWSOOS North Barrel 2-4 Sydney Low H2S
Melbourne Western Trunk Sewer (WTS) 7-10 Melbourne High H2SSoutheastern Trunk Sewer (STS) 1-2 Melbourne Low H2S
Perth Bibra Lake 60-70 Perth High H2SPerth MS 600-700 Perth Low H2S
Table 12: Installation and retrieval dates for field samples in sewer
Location Installation dates Retrieval Retrieval Retrieval(6mths) (12mths) (18mths)
Sydney 22/09/2009 24/09/2009
High H2S: SWOOS 
South Barrel
Low H2S: SWSOOS North 
Barrel
17/6/2010 21/9/2010 29/3/2011
Melbourne 5/2/2010 16/2/2010 24/9/2010 22/2/2011
High H2S: WTS Low H2S: SETS
Perth 6/5/2010 11/6/2010 7/12/2010
High H2S: Bibra Lake Low H2S: Perth MS
In addition to the coupons placed in sewer, Sydney Water Corporation also supplied CAC 
core samples that were applied on 23 November 2007 in the SWSOOS 2 North Cell, Botany. 
The core samples were 3 years old (31.23 months) and were in good condition with 50 mm 
thickness in the average 12.4 ppm H2S.
The coupons in accelerated biological corrosion test were also used to determine the 
metabolites produces from bacterial activity. The condition of the biological chamber was 
50ppm H2S, 100 relative humidity at 25 °C. The time frame for the samples was 3 and 6 
months and is designed to resemble the field samples placed in the sewer.
4.1.2 Organism Colonisation on CAC
Microflora analysis was used to determine the growth of organisms including acidophilic 
bacteria, neutrophilic bacteria and fungi. The extent of growth of the bacteria was 
estimated using the following percentage of coverage of the agar plate:
0: No growth 1: Traces of growth 2: Light growth 3: Medium growth 4: Heavy growth
(<10% coverage) (10 to 30% coverage) (30 to 60% coverage) (>60% coverage)
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This is semi-qualitative tests and statistical error over the range covered (e.g 30 -  60%) 
would be difficult to measure. The growth of fungi, neutrophilic bacteria and acidophilic 
bacteria are represented in Figure 35, Figure 36 and Figure 37 respectively.
Figure 35: Growth level of fungi for roof and tidal location
Figure 36: Growth level of neutrophilic bacteria for roof and tidal location
Acidophilic Bacteria
5
4
<u
3.5 4 4.5 5 5.5 6 7 8
ft Acidophilic Bacteria - 
Roof
■  Acidophilic Bacteria - 
Tidal
Surface pH
Figure 37: Growth level of acidophilic bacteria for roof and tidal location
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From the graphs, the growth of fungi, neutrophilic and acidophilic bacteria was seen on 
coupons installed on the sewer roof and tidal zones. The original pH of the coupon was 12.5, 
and dropped to pH between 3.5 and 8. The results are consistent with the theory from 
Alexander (2008) which stated that between the pH 2.5 and 8 there is progressive growth of 
Thiobacillus bacteria (refer Figure 11). Fungi on the other hand are able to grow from a 
higher range of pH (up to pH 10) and often dominate at low pHs (Burford et al., 2003). At 
these pHs the growth of fungi was higher compared to bacteria. The example of full growth 
of organism is shown on Figure 38.
Figure 38: Example of full growth of fungi
The growth on the roof and tidal is shown in Figure 39 and Figure 40 respectively.
Roof
5
3.5 4 4.5 5 5.5 6 7 8
Surface pH
■  Fungi - Roof Acidophilic Bacteria - Roof
■  Neutrophilic Bacteria - Roof
Figure 39: Growth level of organisms for roof location
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Tidal
5
3.5 4 5 6 7 8
Surface pH
■  Fungi - Tidal AcidophilicBacteria - Tidal
■  Neutrophilic Bacteria - Tidal
Figure 40: Growth level of organisms for tidal location
Figure 39 and Figure 40 shows that there is maximum growth for fungi of fungi on coupons 
installed in both roof and tidal locations (pH 3.5-8). The growth of neutrophilic bacteria is 
generally higher than of acidophilic bacteria as the pH gives a suitable environment for the 
bacteria to reproduce. Neutrophilic autotrophic bacteria (autotrophs utilise inorganic 
nutrients as food source) were able to grow well within the slightly acidic and neutral 
environment, whereas the heterotrophic bacteria (heterotrophs require organic nutrients) 
were more well established in the neutral environment. The acidophilic bacteria, both auto 
and heterotroph should only proliferate at pH lower than 4.0. However, it is interesting to 
find that acidophilic bacteria are able to grow at pH as high as 8. This suggests that the 
bacteria are able to tolerate both the high amount of Al3+ and high pH of CAC, thus adapting 
to the extreme environments. The proliferation of acidophilic bacteria suggests the possible 
existence of alkalophilic organisms in the sewer. The growth of the organisms themselves do 
not provide a strong evidence of the succession of growth of the organism, however these 
results show the co-existence of mixed microflora on CAC primarily dominated by fungi. The 
next section will examine the metabolism of organisms on CAC to generate corroding acids.
4.1.3 Metabolism of organism on CAC
Metabolic acids are generated by organisms in the process of metabolizing nutrients to 
generate energy. Various metabolic products are generated including protein and biogenic 
acids. The action of biogenic acids is considered to promote the corrosion of sewer pipes
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and lining materials. It is therefore essential to establish the nature of these acids. The 
metabolic product from microorganism grown on the surface of the field test samples was 
analysed by ion chromatography (1C). Through the surface pH measurement of the coupons 
retrieved from sewers, the generation of biogenic acid was considered (refer Figure 41). The 
initial pH of the new CAC was 12.5 and as shown this decreased to an average of 6 in 6 
months. This rapid reduction in pH show CAC promoted the metabolism of biogenic acids.
From Figure 41 above, the pH of CAC samples lowered from 12.5 to an average of pH 6.0, 
but remains above pH 3.0. The drop in pH is caused by abiotic neutralization of the concrete 
which include the reaction between the cementitious material and carbon dioxide or other 
acidic gases (Davis et al., 1998, Islander et al., 1991). In addition, the attachment and 
colonization of microorganism on the concrete surface may contribute to the pH reduction 
of concrete and establishment of suitable environment growth (Okabe et al., 2007).
The pH of CAC was observed to remain above 3.0. This finding agrees with the acid 
neutralisation capacity of CAC, which is described in detail in Section 4.2.2. In addition, this 
confirms the findings from Lamberet et al. (2008) which shows that the pH of CAC maintains 
above pH 3 at service life of 8 years (Lamberet et al., 2008). The key implication from this 
finding is that CAC may perform well in highly acidic conditions because of its ability to 
retard the growth of acidophilic organisms and is extremely promising for sewer 
applications
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The organic acids generated on the CAC were determined by ion chromatography). Coupon 
samples from the field test and accelerated biological corrosion tests were first crushed and 
the acid extracted using water at ambient conditions. A ratio of 1 gram of crushed cement in 
10 ml of distilled water was used. The extraction was monitored by measuring the pH of the 
solution. This was allowed to proceed until the pH has stabilised and this often took about 
9-16 days. The organic acids generated on CAC included gluconic, malic, succinic, citric, lactic 
and pyruvic acids (Refer Table 13). Composition of these acids changed with time and 
environmental conditions. As such in this study only the total organic acids was considered 
in the analysis of results.
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From Table 13, the amount of organics acids produced in the accelerated biological 
corrosion test is only 37 mg/kg sample, which is significantly lower than the field test sample 
which ranges from 37 to 33176 mg/kg sample. Similarly, the amount of sulfuric acid 
produced in the accelerated biological corrosion test is 117 mg/kg sample, which is two 
orders of magnitudes lower than the average sulfuric acid produced in the field test. This 
shows that despite the lower amount of acid generated by organisms, the laboratory test 
portrays a good preliminary indicator of corrosion of CAC is the sewer. The results of field 
tests and accelerated tests are combined the total organic acid and sulfuric acid generated 
as a function of surface pH is shown in Figure 42.
♦ Organic Acids x Sulfuric acid
pH
Figure 42: Metabolic products vs pH for field test of CAC
From Figure 42 the maximum amount of organic acid produced is 33176 mg per kilogram 
sample and the maximum amount of sulfuric acid produced is 69112 mg per kg sample. As 
shown, it is obvious that more sulfuric acids were produced, in comparison to the total 
organic acids, thus showing the bacteria metabolised more acid compared to fungi. This is in 
contrast with the results in the microflora analysis (Section 4.1.2). Referring to Figure 39 and 
Figure 40, where the colonisation of fungi on CAC coupons was found to be higher than 
bacteria when installed in both the roof and tidal zone. This suggests that the fungi are able 
to grow, but not metabolise their products (organic acids) on CAC. In contrast, bacteria do 
not grow well but are able to produce a higher quantity of sulfuric acid.
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The amount of sulfuric acid increases significantly at below pH 4. This is consistent with the 
finding by Alexander et al. (2008), which stated that acid-loving T Thioxidans generate large 
amount of sulfuric acid leading to severe attack of concrete at pH below 4. However for 
organic acid, the substantial increase at pH 6 is puzzling. This may be due to the 
combination of high H2S concentration (~7.7ppm), low temperature and high humidity 
which provide the fungi a perfect environment to thrive. However the high amount of 
organic acid was contributed by only one point: the roof sample in Melbourne's Western 
Trunk Sewer (WTS) with concentration of gluconic acid of 32325.5 mg/kg. More samples 
from this sewer pipe are required to confirm this finding.
The concentration of metabolic products against time and H2S concentration of sewer is 
shown in Figure 43 and Figure 44 respectively. The microorganisms that have been reported 
to be responsible for the degradation of concrete in natural system involve a succession of 
various organisms. Over a period of time, T Thioxidans and fungi are expected to thrive 
releasing more organic and sulfuric acid (Gu, 1998, Islander et al., 1991).
♦ Organic Acids x Sulfuric acid
Figure 43: Concentration of metabolic products: field test vs time for CAC
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♦ Organic Acids x Sulfuric acid
Figure 44: Concentration of metabolic products: field test vs H2S concentration for CAC
Based on Figure 43, the trend of both sulfuric acid and organic acid production as a function 
of time is similar. This suggests that the metabolism of both fungi and bacteria are occurring 
at the same time. The coupled production of these two acids confirms the growth and 
metabolism of mixed micro-flora with time. The concentration increased substantially, but 
then decreased over time. This implies that the organisms grows substantially, however due 
to the toxicity of Al3+ they decrease over time.
Figure 44 shows the generation of organic acid and sulfuric acid on CAC is influenced by H2S 
concentration. The correlation shows two peaks, suggesting low H2S promotes acid 
generation followed by a reduction in acid production with further increase in H2S. It is also 
apparent from the distributions of acid generation that at low H2S, there is a preferential 
production of sulfuric acid. Conversely, at high H2S there is a preferential production of 
organic acids. These trends and the overall lower organic acid production in CAC, suggest 
the bacteria metabolism is less resistant to the effects of the abiotic toxicity introduced by 
Al3+ ions and the H2S in comparison to the fungi metabolism of the organic acid. The 
implications of these results is that at Sydney where the H2S concentration is low (2-4 ppm 
H2S), the corrosion would consist of high concentrated sulfuric acids. However in Melbourne 
(1-10 ppm H2S), the corrosivity of the acid generated in CAC would be highest because it 
would consist of mixed organic and sulfuric acids. In Perth (60-700 ppm), the corrosivity of
8 0
the acid generated on CAC would be moderate because continuous only sulfuric acid would 
be generated preferentially.
The bacteria seems to be able to withstand the both the toxic H2S concentration in the air, 
and increase their metabolic products. Fungi, on the other hand spike their growth at 5 ppm 
H2S, then decreases substantially with increase of H2S concentration.
To prove the sequential growth of organism, the metabolic acids from calcium aluminate 
(CAC) were compared to organism growth and metabolism on epoxy coatings: Epoxy 1, 
Epoxy 2 and Epoxy 3. In contrast with calcium aluminate cement, epoxy coating are 
polymeric coatings which are considered 'permanent' as they last for a long period of time 
(typically 30< years). Epoxy coatings are generally used in sewers. However, they do not 
contain the acid neutralisation capacity of CAC which has the ability to neutralise biogenic 
acids produced by organisms. Therefore the amount of biogenic acids produced by CAC and 
epoxy coatings (Epoxy 1, Epoxy 2 and Epoxy 3) was compared. The biogenic acids generated 
are show in Table 14 and is plotted on to and Figure 45 (refer Appendix 7.1 for details).
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Table 14: Metabolic products of samples placed in the sewer
Sam ple pH
Acid
penetratio n  
depth (m m )
Period
im m ersed
(m onths)
H2S
average
(ppm )
Stan dard
D eviation
±
Tota l O rgan ic  
A cid s per 
kilogram  sam ple  
(m g/kg)
Su lfu ric  per 
kilogram  
sam ple  
(m g/kg)
3.5 8.0 12.73 10.30 5.83 243 15446
3.5 3.0 7.20 68.42 19.47 127 69112
4.0 2.0 7.17 654.26 234.47 597 22496
4.5 1.0 12.73 10.30 5.83 87 16714
5.0 2.0 7.20 654.26 234.47 467 15698
5.5 2.0 12.73 1.40 1.36 1919 1996
6.0 2.0 7.17 68.42 19.47 97 14934
6.0 12.5 12.73 1.40 1.36 13725
CAC 6.0 5.0 3.23 50.00 37 117
6.0 3.0 7.70 7.19 2.87 33176 1412
7.0 3.0 12.13 3.01 3.26 4659 79
7.0 2.0 8.93 3.66 9.29 549 154
8.0 3.0 7.70 7.19 2.87 5092 13872
8.0 2.0 8.93 3.66 9.29 2245 229
8.0 2.0 12.13 3.01 3.26 1094 1274
8.0 2.0 31.23 12.40 37 57
8.0 2.0 31.23 12.40 1335 94
2.4 2.1 36.00 5.00 8643 100
2.5 1.4 36.00 5.00 14532 67
2.9 3.0 72.00 5.00 52745
2.9 1.7 72.00 5.00 64309
Epoxy 1
3.0 2.1 72.00 5.00 49107 98
3.0 1.6 72.00 5.00 51633
6.1 1.3 36.00 5.00 1633 158
7.9 1.3 36.00 5.00 28724 132
7.4 1.5 96 .00 5.00 9137 210
7.6 2.8 96.00 5.00 20250 255
7.6 1.9 168.00 5.00 27651 261
Epoxy 2 7.6 1.2 96 .00 5.00 7379
7.8 2.2 168.00 5.00 14838 197
7.8 1.9 96 .00 5.00 2676
7.8 3.4 168.00 5.00 7135 233
5.1 2.0 96 .00 5.00 1711 27
8.1 1.3 96.00 5.00 12591
Epoxy 3
8.5 1.9 96.00 5.00 10971 355
9.8 1.3 96.00 5.00 33065
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Figure 45: Metabolic products on CAC and epoxy coatings: total organic acid (left) and sulfuric acid (right)
against pH
Figure 45 (left) confirms the findings by Lamberet et al. (2008) which stated that T 
Thioxidans thrives at pHl to 4, hence the increase to 64309 mg/kg organic acids. Figure 45 
(right) shows that bacteria thrive at pH 3 and pH 8. In comparison to the epoxy coatings 
(<1000 mg/kg for pH 2.5-10), more sulfuric acid is generated by bacteria on the surface of 
CAC (average of 16000 mg/kg for pH 3.5-8). Conversely, less organic acids are produced by 
fungi on the surface of CAC (<5000 mg/kg for pH 3.5-8) in comparison to epoxy (<64309 
mg/kg for pH 2.5-10). On the surface of CAC, no organic or sulfuric acid were detected at pH 
below 3.5. This is due to the solubility of AH3 in CAC which has a threshold of about pH 4.0. 
AH3 precipitates on reaction with acid and creates a barrier layer which protects from 
further attack. Below pH 4.0, AH3 dissolves releasing toxic Al3+ which further inhibit bacterial 
activity.
Superimposing both graphs gives the clear indication on the different pHs where the 
organisms thrive, see Figure 46. More organic acids are generated on epoxy linings than 
sulfuric acid. This could be attributed to the fact that fungi are heterotrophic and could 
consume part of the organic components of the epoxy, whereas acidophilic bacteria are 
chemotrophic which obtains their nutrients from dissolved inorganic compounds.
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Figure 46: Metabolic products of CAC and epoxy coatings vs pH
Figure 46 shows the organic acid generation begins below pH 8.5 and peaks at about pH 3.0 
and decreases with further reduction in pH. The acid generation around the neutral pH is 
attributed to neutrophillic bacteria which are known to thrive at neutral pH (Cho and Mori, 
1995, Jeong et al., 2008). Although neutrophiles are able to undergo acid adaptation, this 
would primarily require the colonization of another organism (Jeong et al., 2008). This 
suggests the acids generated at the lower pH could be attributed primarily to fungi. Cho and 
Mori (1995) also stated that fungi are able to adapt to corrosive environment as low as pH 
0.5. Sulfuric acid generation is relatively sluggish at pH above 4.0 and increases rapidly 
below pH 4.0. These results demonstrate the symbiotic roles of the organisms in reducing 
the pH of the concrete and coating substrates in the sewer and confirm the sequential 
growth of the organisms.
It should be noted that the proliferation or growth of the organisms, for example bacteria 
growth does suitably reflect metabolism or generation of the sulfuric acids. Figure 39 and 
Figure 40 show a moderate growth of bacteria, however in Figure 46 the corresponding 
sulfuric acid peaks at pH 3.5. These results suggest that both microflora and bioacid analyses 
are necessary to confirm the potential for corrosion in a specific site.
In conclusion, the organisms are found to be able to grow at a wide range of pH, from pH 1 
to 10. Bacteria seem to release high amount of sulfuric acid between pH 2 to 4 on CAC in 
comparison to epoxy coatings. Whereas fungi are able to excrete high levels of organic acid
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at neutral pH 7 to 8 and at very low pH 2 to 3. These results reveal that most of the bioacids 
(both sulfuric and organic) appear to increase below pH 4.0. At pH below 4.0, the generation 
of sulfuric acids and higher quantities of organic acids is likely to contribute to higher 
corrosivity. Keeping the pH above 4.0 has the potential to arrest the corrosion problem by 
keeping the corrosion only under the actions of the weaker organic acids. The implication is 
the need to control the surface pH of lining and concrete to above pH 4.0.
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4.2 Chemistry of Hydration (Curing) and Corrosion of CAC
This section outlines the characterisation of CAC by confirming the mineralogical structure 
and crystallinity of both the raw material, hydrated and corroded products. The hydration 
for CAC is shown in Equation (59) to (61) below:
6CA + 60H ->  6CAH10 (T<15°C) (59)
i
6CA + 60 H ->  3C2AH8 + 3AH3+ 27H (70°C <T<15°C) (60)
;
6CA + 60 H ->  2C3AH6+ 4AH3+ 36H (T>70°C) (61)
The hydrated CAC is expected to contain less monocalcium aluminate, CA and more stable 
hydrates (C3AH6 and AH3). A small amount of metastable hydrates (CAHi0 or C2AH8) are 
expected to be in the hydrated CAC. Using X-Ray Fluorescence (XRF), the composition of the 
anhydrous CAC was analysed and the results are shown in Table 15.
Table 15: Chemical composition of CAC
Chemical Constituents CAC
a i2o 3 41.300
CaO 37.400
Cr20 3 0.130
Fe20 3 9.540
K20 0.300
MnO 0.120
NiO 0.137
Si02 6.970
T i0 2 1.930
V20 5 0.050
Zr02 0.140
LOI 1.030
TOTAL 99.047
For corroded samples there is a change of structure and shift of degradation temperature 
for each structure, which could be used to estimate the degree of corrosion using 
Thermogravimetric analysis (TGA). The field samples were placed in three different 
locations: Sydney, Perth and Melbourne. At each location the samples were divided into two 
sewer pipes, one with high hydrogen sulfide concentration and one lesser concentrated. The 
summary of conditions of where the samples are placed is shown in Table 16.
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Table 16: Field samples surface pH, duration immersed, location and environmental conditions
P la ce m e n t  
o f co u p o n
S a m p le
Lab el
P erio d H2S ave ra ge A ir
Lo ca tio n Su rfa ce  pH im m e rse d
(m o n th s) (p p m )
Sta n d a rd  
D e v ia tio n  ±
T e m p e ra tu re
(°C)
S y d n e y S 6 -C H S 7 .0 8 .9 3 3 .6 6 9 .2 9 2 4 .7 5
S y d n e y S 1 2 -C H S 7 .0 1 2 .1 3 3 .0 1 3 .2 6 1 8 .6 4
S y d n e y S 1 8 -C H S 6 .0 1 8 .4 3 2 to  4 - 1 8  to  2 4
S y d n e y S 1 8 -C L S 6 .0 1 8 .4 3 2 to  4 - 1 8  to  2 4
R o o f
M e lb o u r n e M 6 -C H S 6 .0 7 .7 0 7 .1 9 2 .8 7 1 9 .7 9
M e lb o u r n e M 6 -C L S 7 .0 7 .7 0 1 .7 4 1 .2 6 1 9 .1 8
M e lb o u r n e M 1 2 -C H S 4 .5 1 2 .7 3 1 0 .3 0 5 .8 3 2 1 .7
M e lb o u r n e M 1 2 -C L S 5 .5 1 2 .7 3 1 .4 0 1 .3 6 2 0 .5
P e rth P 6 -C L S 3 .5 7 .2 0 6 8 .4 2 1 9 .4 7 2 6 .6 3
P e rth P 6 -C H S 5 .0 7 .2 0 6 5 4 .2 6 2 3 4 .4 7 2 8 .5 3
S y d n e y S 6 -T H S 8 .0 8 .9 3 3 .6 6 9 .2 9 2 4 .7 5
S y d n e y S 1 2 -T H S 8 .0 1 2 .1 3 3 .0 1 3 .2 6 1 8 .6 4
S y d n e y S 1 8 -T H S 6 .0 1 8 .4 3 2 to  4 - 1 8  to  2 4
S y d n e y S 1 8 -T L S 6 .0 1 8 .4 3 2 to  4 - 18 to  2 4
T id a l M e lb o u r n e M 6 -T H S 8 .0 7 .7 0 7 .1 9 2 .8 7 1 9 .7 9
M e lb o u r n e M 1 2 -T H S 3 .5 1 2 .7 3 1 0 .3 0 5 .8 3 2 1 .7
M e lb o u r n e M 1 2 -T L S 6 .0 1 2 .7 3 1 .4 0 1 .3 6 2 0 .5
P e rth P 6 -T H S 4 .0 7 .1 7 6 5 4 .2 6 2 3 4 .4 7 2 8 .5 3
P e rth P 6 -T L S 6 .0 7 .1 7 6 8 .4 2 1 9 .4 7 2 6 .6 3
As shown above, there are numerous factors to differentiate the extent of corrosion on 
sample. The air temperature of sewers in Australia remains on the average between 18 to 
28 °C, and will vary dynamically over time. Only average temperatures could be reported. 
Although there is a slight difference in temperature between each site, such changes may 
be insufficient to significantly affect the corrosion and hydration of CAC. Therefore, the 
factors are separately examined according to:
• Surface pH with constant immersion period in sewer
• H2S concentration with constant immersion period in sewer
The relationship between surface pH of sample and the concentration of H2S in the sewer is 
investigated and is expected to decrease with the increase of H2S concentration. Figure 47 
shows the relationship between the pH and H2S concentration for field samples.
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Figure 47: Relationship between surface pH and H2S concentration for roof (top) and tidal (bottom)
As shown above, the surface pH is found to decrease with the increase of H2S concentration. 
The increase of H2S provides more food for bacteria to metabolise, and the surface pH is 
expected to decrease with the increase of H2S. However, it is interesting to find that 
between 100 and 1000 ppm of H2S for the roof section, the surface pH increases slightly 
from 3.5 to 5.0. This is due to the extreme amount of H2S which appears toxic to 
microorganisms, thus limiting the colonization of bacteria and fungi on CAC. In the tidal 
zone, the surface pH continued to decrease with the increase of H2S concentration even at 
the higher concentrations.
The relationship between the surface pH and H2S concentration of the sewer is discussed in 
separate sections. See Section 4.2.1, which focuses on the factors affecting the hydration 
structure of CAC, and Section 4.2.2 explains the effect of environmental conditions on the 
conversion of corroded CAC. Statistical analysis of the effect of environmental conditions on 
CAC corrosion and hydration is challenging for two reasons. The first is the dynamic changes 
in the conditions in the sewers, and two is the difficulty of capturing these effects in the 
samples that are retrieved only every 6 months. However changes in the environmental
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conditions are able to provide trends that are consistent between field and accelerated 
biochamber tests.
4.2.1 Hydration (Curing) and Conversion of CAC
The purpose of characterisation of CAC is to establish the hydration product. The mineralogy 
of the hydrated CAC was established by Thermogravimetric Analysis (TGA) and X-Ray 
Diffraction (XRD). The sample labelled 'CAC -  Anhydrous' is calcium aluminate cement (CAC) 
powder fresh from the bag supplied by Kerneos Ltd. The sample 'CAC -  Hydrated' is the 
same CAC cured for 24 hours in a fog room at >98% relative humidity at room temperature. 
Further curing was conducted for 48 hours at >98% relative humidity at room temperature 
after demoulding of sample. For preparation for XRD analysis, the samples were crushed 
and ground to less than 200 pm.
4.2.1.1 TGA Analysis
The Thermogravimetric Analysis (TGA) is a quantitative analysis that is used to measure the 
quantity of hydrated phase of CAC and PC. The degradation temperature obtained from 
Differential Thermal Analysis (DTA) corresponds to specific structure and phase of material. 
The DTA for CAC raw and hydrated is shown in Figure 48 below. The 'CAC-Hydrated' is a 1 
year old sample that is assumed to be fully hydrated.
Figure 48: DTA for CAC: anhydrous and hydrated
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Figure 48 show that there is a swift change in the decomposition temperature. The 
temperatures of degradation and the mineralogical structure associated with each of the 
key peaks identified in Figure 48 are shown in Table 17.
Table 17: Corresponding peaks for DTA of raw and hydrated CAC
Peak Symbol Tem perature (°C) Assumed structure
A 78.71 A H 3gel
B 111.77 C A H 10
C 247.31 A H 3 and C3A H 6
D 82.02 A H 3gel
E 111.19 C A H 10
F 225.18 A H 3 and C3A H 6
There was a significant change in the amount of gibbsite AH3 in the structure. The hydrated 
CAC was 1 year old and was assumed to be fully hydrated. Newman reported that the 
metastable phases CAHio and C2AH8 decompose between the temperatures 100 to 200 °C, 
and stable phases AH3 and C3AH6 decomposes at 250-350°C (Newman, 2003). The AH-gel is 
a AHn structure and is amorphous. CAHio and C2AH8 are hexagonal. As shown there are only 
traces of C2AH8, as it is very unstable structure. AH3 and C3AH6 are cubic, but AH3 
crystallinity is very poor (Skibsted et al., 1993). The hydrated CAC contains more AH3 and 
C3AH6, and anhydrous CAC more CAHio, in which is expected.
The fully hydrated CAC was compared with the new CAC, to establish the extent of 
hydration. Fresh batch of CAC (10 days old) was made and compared to the 1 year hydrated 
CAC. The comparison is shown in Figure 49.
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Figure 49: DTA of hydrated CAC
Figure 49 show that there is a distinct shift from metastable phase to stable phase between 
freshly made CAC and the 1 year old fully hydrated CAC. The corresponding peak analysis is 
shown in Table 18 below.
Table 18: Corresponding peaks for DTA of hydrated CAC
Peak Symbol Temperature (°C) Assumed structure
A 78.71 A H 3gel
B 111.77 C A H 10
C 247.31 A H 3 and C3A H 6
G 75.52 A H 3gel
H 110.58 C A H 10
J 233.73 A H 3 and C3A H 6
There is a significant higher amount of CAHi0 in the freshly made CAC than of fully hydrated 
CAC. This shows that the conversion of CAC continued with time. As pointed out by Juenger 
et al. (2010), the conversion process may take years.
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4.2.1.2 XRD Analysis
The XRD analysis determined the crystallinity of the cement, thus the phase and structure of 
material. The anhydrous and hydrated products for both CAC and PC are compared. Both 
CAC and PC represent highly complex materials composed mainly of phases within CaO- 
Al20 3 and CaO-Si02 systems. The additional constituent oxides not only form further 
complex phases, but also enter the various crystalline lattices as impurity ions (Faucon et al., 
1998). The XRD pattern for anhydrous CAC is shown in Figure 50.
Figure 50: XRD pattern for anhydrous CAC
* Noise minimised using Excel: moving average period=8
From Figure 50, the anhydrous CAC seems to be a mixture of amorphous and crystalline 
structure and monocaldum alumínate (CA=CA0.AI20 3) dominates the structure of material. 
The cubic structure mayenite (Ci 2A7 = Cai2Ali40 33) was also found and this is confirmed by 
the findings by Gobi and Guerrero (2003) (Gobi and Guerrero, 2003). The XRD pattern for 
hydrated CAC is shown in Figure 51.
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*Noise minimised using Excel: moving average period=8
From Figure 51 the structure for hydrated CAC is found to be a mixture of amorphous and 
crystallized form consisting of Friedal's salt, C3A.CaCI2.Hi0 (or 3CaO.AI2O3.CaCI2.10F12O), 
CA2H3/ kaolinite AS2FI2, katoite C3AFI6 and gibbsite AH3, in which is similar to the structures 
found by Goni and Geurrero (2003). This agrees with the study by Chotard et. al (2001) 
which stated that over time, the structure of hydrated CAC will be a mixture of amorphous 
and crystallized hydrates. Assuming CAC is fully hydrated, a significant amount of the CA was 
converted to the stable phases of katoite C3AFI6 and gibbsite AH3. The Friedal's salt is 
hexagonal and has the capacity to bind free chloride in solution, thus retarding the diffusion 
of chloride (Goni and Guerrero, 2003). Katoite C3AFI6 is a cubic structure.
4.2.2 Leaching of converted phase of CAC
The effect of further conversion and corrosion of CAC in the field on its mineralogy were 
examined in this aspect of the study. In this section, the acid neutralization capacity (ANC) 
which was performed in the laboratory using titration of CAC and acid is discussed initially. 
This is followed by the effect of surface pH on the conversion of CAC and the analysis of the 
effect of H2S concentration on the mineralogy of CAC. The surface of the field samples were 
scraped using a flat file to powder form and used for Thermogravimetric analysis (TGA).
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4.2.2.1 Acid neutralisation capacity
Another property of CAC which has a significant effect on its behaviour is its acid 
neutralisation capacity (ANC). The inhibitive property or leaching resistance of concrete 
from its ability to neutralise acids produced by hydrolysis of the products of anodic 
dissolution may be characterised by its acid neutralisation capacity. It involves plotting the 
steady state pH against the quantity of acid added to a series of ground samples to obtain a 
titration curve. This form of analytical characterisation reflects many facets of the concrete. 
The resistance in the fall of pH in the ANC curve reflects:
• Inhibitive properties of the concrete to corrosion
• The quantity of acid require to initiate the corrosion of the concrete
• Cement composition- as various hydrated phases dissolves at different pHs
• Relative values could be used to provide relative performance and life as lining 
material against acid corrosion in sewers
The ANC is performed in the laboratory where 1 g of CAC or PC sample was dissolved into 10 
mL of H20, and titrated with known amounts of nitric acid (HNO3). The sample was in 
powder form as the multicomponent mixtures of powders causes homogenization on 
account of surface diffusion, thus accelerating the mass-transfer reaction. The titration 
curve that illustrates neutralisation capacity (ANC) for CAC is shown in Figure 52 (time 
frame: 0.5, 1.5, 13, 44, 68.5 hour and 8.84, 16.88 days).
Figure 52: Titration curves illustrating ANC for CAC (S15 mM H+)
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Figure 52 shows that CAC neutralises to pH 3.5 when 15 mM of acid is added. As shown CAC 
is continuously neutralised over time to pH 10.5 and confirms the two phase respond to 
acid: the barrier effect. At pH above 4, acid attack of CAC leads to the precipitation of 
AI(OH)3 gel that acts as a diffusion barrier, greatly slowing surface attack. The experiment to 
find the amount of acid required to completely disintegrate CAC and is shown in Figure 53 
(time frame: 0.5 hours; 2.99, 8.84 and 16.88 days).
Figure 53: Titration curves illustrating ANC for CAC
From Figure 53, it could be seen that CAC reaches equilibrium after about 2.99 days. In 
addition, pH stabilizes to about pH4.0 when 15 to 20 mM H+ is added. Figure 53 shows that 
about 40 mM H+ is required to completely neutralise 1 g of CAC sample.
Figure 54: Titration curves illustrating ANC for PC
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Based on Figure 54, the ANC for Portland cement (PC) is less than CAC. After 3.13 days, the 
pH of mixture remained the same. Conversely, CAC continued to neutralise after 8.84 days. 
Further, CAC is compared with PC and calcium carbonate (CaC03) at 8.84 days in Figure 55 
below.
Figure 55: Titration curves illustrating acid neutralisation capacity (ANC) for CAC, PC and CaC03
Figure 55 concludes that the neutralisation capacity of CAC is higher than of PC. Table 19 
shows a summary of the amount of acid (H+) required to fully neutralise lg  of CAC, PC and 
CaC03 sample at pH 7.
Table 19: Amount of acid required to neutralise lg  of sample
Sample Amount H+ to destroy lg  sample % sample(mM H+) destroyed at pH7
CAC 40.0 22
PC 15.0 42
CaC03 22.5 8.9-89
The amount of acid required to completely neutralise 1 g of PC is 15 mM H+, which is less 
than half requirement to destroy CAC 40 mM H+. It is interesting to observe the reaction of 
CaC03, in which stabilizes at pH7 until more than 20 mM of H+ is added. Based on Table 19, 
at neutral pH, only 22% of CAC is destroyed, whereas 42% of PC is destroyed. Therefore, the 
ANC for CAC is nearly triple the capacity of PC. The results are close to the findings from the 
University of Hamburg which estimated the relative neutralisation of Sewpercoat at 3.5 
times the 30% OPC mortar (Sand, 1992). However, the result also does not correlate with
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the claims from the manufacturing company which stated that the ANC for their CAC is 
about 10 times of PC.
There are two key implications of these results, one being the importance of increasing the 
surface pH of PC to above neutral during rehabilitation. As shown from the ANC, the amount 
of acid that is required to drop the pH from 8.5 to 4 is very little. This drop in pH would 
result in 42% of the PC structure being destroyed, and has the probability to degrade even 
further. The second is the trend for ANC for CaC03 is vastly different from CAC and PC, and 
could not be used as a reference when determining the ANC of a cement-based material.
The amount of dissolved aluminium and calcium corresponding to the ANC tests were 
determined using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). The 
calibration curve for both aluminium and calcium is presented in Appendix 7.2.3. The results 
from ANC and ICP for CAC and PC are presented in Figure 56 and Figure 57 respectively.
Figure 56: Percentage % Al and Ca leached from CAC
From Figure 56, the amount of Al3+ and Ca2+ leached increases with the decrease of pH. This 
is due to the reaction between CAC with acid which produces Ca2+ (Equation (62) to (64) 
(Lamberet et al., 2008):
CAH10 + 2H+ - > Ca2+ + 2AH3 + 8H20 (62)
c2a h 8 + 4H+ — > 2Ca2+ + 2AH3 + 7H20 (63)
c3a h 6 + 6H+ -* 3Ca2+ + 2AH3 + 6H20 (64)
At pH below 4.0, the following reaction occurs to AH3 Equation (65):
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AH3 + 6H+ -> 2AI3+ + 6H20 (65)
The sudden increase of aluminium in Figure 56 agrees with Equation 65, where Al3+ is 
leached out below pH 4.0. At below pH 3.0, almost 100% of calcium is leached from CAC. 
This is because calcium aluminate cement (CAC) is 100% pure cement with no aggregates or 
additives. In comparison to aggregates, cement structure disintegrates and dissolves easily 
in contact with acid. Therefore CAC is expected to leach a higher percentage of Ca2+ and 
Al3+. The percentage of dissolved metals for PC is shown in Figure 57.
Figure 57: Percentage % Al and Ca leached from PC
As expected, the amount of Ca2+ and Al3+ leached from the structure also increases with the 
decrease of pH. However so, it should be highlighted that at pH 1, only about 43 -  45% of 
aluminium and calcium is leached from PC and more than 90% is leached from CAC. This is 
due to the mixture of CAC and PC. PC is a mixture of cement and aggregates, and the 
behaviour of the aggregates under the acidic attack is dependent on their solubility or 
insolubility in acids. Zivica and Bajza (2002) stated that insoluble silica sand and river gravel 
usually do not take part in the deterioration process. Thus the low percentage of dissolved 
Ca2+ and Al3+ in PC is leached from the cement, and not the aggregates. CAC, on the other 
hand is 100% cement with high alumina content, thus higher percentage of metals 
dissolved.
The structure of CAC during the ANC tests was examined by TGA to examine the effect of pH 
on the reactivity of the converted minerals and refractory phase. Figure 58 shows the DTA 
of the ANC samples at day 8.84 and Table 20 shows the composition of the various
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mineralogical structure. The 'stable' structures consist of C3AH6 and AH3/ which are the final 
product of hydration of CAC. However, the C3AH6 is also the structure most susceptible to 
acid attack (Juenger et al., 2010, Scrivener et al., 1999). The structure AH3-gel, C2AH8 and 
CAHio are termed 'metastable' as they are unconverted CAC and continuously hydrate to
C3AH6over time.
Figure 58: Comparison of DTA of CAC in neutralisation capacity
Table 20: Percentage of structure of CAC in acid neutralisation capacity at 8.84 days
Sample
% structure
Metastable Stable
A H 3-gel C A H 10 C2A H 8 a h 3 + c 3a h 6
pH 12.13 47.86 15.39 - 36.74
pH 8.05 65.68 - - 34.32
pH 3.18 54.34 10.18 - 35.48
pH 2.05 67.49 - - 32.51
From Figure 58 and Table 20, interestingly the amounts of stable hydrates do not change
significantly. This is due to the greater formation of AH3 corrosion product as the pH drops 
(refer Equation (62) to (64). The formation of more AH3 fills in the pores of the CAC 
structure. At pH 2.05, most CAHio and C3AH6 structures are expected to dissociate, leaving
only the AH3-gel. This explains the increment of AH3-gel from 47.86% to 67.49%.
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In conclusion, the acid neutralisation capacity for CAC is 40 mM H+/g sample, higher than PC 
15 mM H+/g sample. The reaction between cementitious material and acid is confirmed 
using ICP and TGA. The results form ICP gives the amount of metals leached on reaction with 
acid. It is very confusing to find that CAC releases significantly more Al3+ and Ca2+ ions, 
almost double the amount compared to PC. The hydrated structure is confirmed using TGA. 
As expected, the amount of AH3 increases with the decrease of pH.
4.2.2.2 The effect of surface pH on CAC mineralogy
The samples were placed between 7 to 8 months in the sewer, with temperature range 
between 18 to 30 °C and more than 95% relative humidity. The corrosion at the roof and the 
tidal zone of the sewer is both considered and is viewed separately. The normalised DTA of 
the corroded samples on the roof of the sewer is shown in Figure 59 and the details are 
represented in Table 21.
Table 21: Effect of different surface pH on field samples: roof for7-8 months
P la ce m e n t o f co u p o n S a m p le  Lab el Lo catio n Su rfa ce  pH
pH 3.5 Perth 3.5
Roof pH 6.0 M elbourne 6.0
pH 7.0 M elbourne 7.0
Figure 59: Normalised DTA for corroded roof sample - effect of surface pH
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The normalised derivative weight is used to estimate the conversion. From Figure 59, the 
percentage of metastable and stable structure in CAC can be estimated and is represented 
in Table 22 below. The fully hydrated CAC product C3AH6 and AH3, are termed 'stable' and 
the structure AH3-gel, C2AFI8 and CAFlio are termed 'metastable' as they continuously 
hydrate to C3AH6 over time. The C3AH6 is also the structure most susceptible to acid attack 
and is expected to decrease over time (Juenger et al., 2010, Scrivener et al., 1999).
Table 22: Percentage of structure in hydrated and corroded CAC: roof, effect of surface pH
Sample
% structure
Metastable Stable
AH3-gel CAH10 c2ah8 ah3+ c3a h 6
CAC Hydrated pH 13.0 24.35 10.71 - 64.94
pH 7.0 24.25 58.96 7.07 9.72
pH 6.0 29.29 51.25 - 19.46
pH 3.5 39.37 46.87 - 13.76
From Table 22, the percentage of stable structures (AH3+C3AH6) dropped from 64.94% to 
13.76%, with the decrease in pH. At pH 7.0 and 6.0, although it has decreased, there is still a 
small amount of cubic structure C3AH6 in the sample. However when drop to pH 3.5, C3AH6 
vanished and only the stable AH3 is seen in the structure. The suggest that when attacked by 
acid, the hydrogen ions (H+) change the structure of hydrates, by leaching out Ca2+. As 
suggested by Lamberet (2008) and Scrivener (1999), upon attack of acid (pH above 4.0) the 
following reaction take place Equation (66) to (68):
CAH10 + 2H+ — > Ca2+ + 2AH3 + 8H20 (66)
C2AH8 + 4H+ 2Ca2+ + 2AH3 + 7H20 (67)
c 3a h 6 + 6H+ —> 3Ca2+ + 2AH3 + 6H20 (68)
At pH below 4.0, the following reaction occurs (Equation (69)):
AH3 + 6H+ ->  2AI3+ + 6H20 (69)
Since there is still 13.76% of the stable AH3 in the sample of pH 3.5, this implies the AH3 is 
still intact and have not completely dissolved. The AH3-gel however increased from 24.35% 
to 39.37%, which suggests that the AH3 from the dissociation of CAC is a mixture of both 
AH3-gel and the stable AH3. These results imply the AI(OH)3 gel is less reactive in comparison 
to the cubic C3AH6 phase.
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Conversely, the amount of metastable CAHio increased from 10.71% to 46.87% with the 
decrease of pH. This suggests that the stable structure C3AH6 is eaten away and converted 
on contact with acids, leaving a portion of unconverted CAHio in the mixture.
The corrosion at the tidal is expected to be higher than roof, as the constant change of 
water level effects the hydration CAC. The normalised DTA of the corroded samples on the 
tidal zone of the sewer is shown in Figure 60 and the details are represented in Table 23.
Table 23: Effect of different surface pH on field samples: tidal for 7-8 months
P la ce m e n t o f co u p o n S a m p le  Label Lo ca tio n S u rfa ce  pH
pH 4.0 Perth 4.0
Tidal pH 6.0 Perth 6.0
pH 8.0 M elbourne 8.0
Figure 60: Normalised DTA for corroded tidal sample - effect of surface pH
As shown, the amount of stable products AH3 and C3AH6 decreases with decrease of pH. The 
percentage of structure in hydrated and corroded CAC is shown in Table 24.
Table 24: Percentage of structure in hydrated and corroded CAC -  tidal, effect of surface pH
Sample
% structure
Metastable Stable
A H 3-gel C A H 10 c 2a h 8 a h 3 + c 3a h 6
CAC H ydrated pH 13.0 24.35 10.71 - 64.94
pH 8.0 34.22 43.15 - 22.63
pH 6.0 21.06 72.75 - 6.18
pH 4.0 0.00 91.36 - 8.64
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The percentage of stable structures (AH3+C3AH6) decreases from 64.94% to 8.64%. On the 
other hand, the amount of metastable CAHio increased from 10.71% to 91.36% with the 
decrease of pH. This suggests that the CAC at the tidal is more corroded than at the roof, as 
only an insignificant amount of C3AH6 is left in the structure, and no passivation (AH3-gel) 
barrier left to protect the CAC at pH 4.0. This suggests that at the tidal zone, the cubic C3AH6 
is dissociated to AH3, which then is washed away by the sewage, leaving the metastable 
CAHio in the structure.
In conclusion, the stable structures declines with the decrease of pH, due to the dissociation 
of C3AH6 to AH3 upon reaction with acid.
4.2.2.3 The effect of H2S concentration on CAC mineralogy
The samples were immersed between 7 to 8 months in the sewer, with temperature range 
between 18 to 30 °C and more than 95% relative humidity. The normalised DTA of the 
corroded samples at the roof is shown in Figure 61 and the details are represented in Table 
25.
Table 25: Effect of different H2S on field samples: roof for 7-8 months
Placement of coupon Sample Label Location H2S concentration (ppm)
7 ppm H2S M elbourne 7.19
Roof 68 ppm H2S Perth 68.42
654 ppm H2S Perth 654.26
654ppm H2S 
68 ppm H2S 
7 ppm H2$ 
CAC Hydrated
100 300 400
Temperature (*C)
500 600
AH3gel I CjAHj AH C aH 
CAH10
Figure 61: Normalised DTA for corroded roof sample - effect of H2S concentration
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Figure 61 shows that the stable structure in CAC has decreased with the increase of H2S 
concentration. The percentages of structure of the samples are shown in Table 22 below. 
Table 26: Percentage of structure in hydrated and corroded CAC: roof, effect of surface H2S
Sam p le
% structure
Metastable Stable
A H r gel C A H 10 c 2a h 8 a h 3+ c 3a h 6
CAC H ydrated 24.35 10.71 - 64.94
7ppm  H 2S 29.29 51.25 - 19.46
68ppm  H 2S 39.37 46.87 - 13.76
654ppm  H2S 24.56 55.86 - 19.58
The point that should be highlighted is that with the increase of H2S concentration, the cubic 
structure C3AH6 decreases significantly (from 64.94 to <20% in structure) and precipitates 
AH3-gel. This suggest that the increase of H2S concentration provides more H2S gas for sulfur 
oxidising bacteria to consume, thus increases the colonisation of bacteria. However, highly 
concentrated H2S becomes toxic to microorganism, thus limiting the reproduction.
In conclusion, the stable structures decreases with the increase of H2S concentration. The 
significant decrease of stable hydrates (C3AH6 and AH3) show that the proportion of CAHio 
and AH3-gel remain within the structure.
4.2.2.4 Crystallinity of corroded CAC
The previous section has discussed the structure of corroded CAC and the effects of surface 
pH, H2S concentration and also period of exposure to the corrosive sewer environment. The 
full hydrated C3AH6 and AH3 structures decreased with both the increase of H2S 
concentration and decrease of pH. This is due to the dissociation of C3AH6 to AH3 upon 
reaction with acid. Furthermore, the majority proportion of unhydrated CAHi0 seems 
undeterred within the CAC structure. From the previous section we also acknowledge that 
the presence of structure C2AH8 was insignificant in corroded CAC, therefore not included in 
this section. In addition, the stable hydrates AH3 and C3AH6 has been found to overlap in 
TGA. The crystallinity of the AH3and C3AH6 structures are different and can be distinguished 
using X-ray diffraction (XRD). XRD provide a clear view on the structures of the corroded 
CAC. This section was used to confirm the structure on corroded CAC by examining the 
crystallinity using X-ray diffraction (XRD). The samples with obvious peaks for the following 
hydrates were examined:
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• Metastable AH3 gel (degradation temperature ~100 °C)
• Metastable CAHi0 (degradation temperature ~120 °C)
• Stable AH3 and C3AH6 (degradation temperature 210-300 °C and 240-370 °C 
respectively)
It is obvious that all corroded samples shows a mixture of hydrated structures. Since it was 
difficult to obtain just one type of structure in corroded sample, the sample that contained 
the majority of a hydrated structure was used. The sample from Sydney immersed in the 
sewer for 18-19 months contained 54.8% AH3-gel, and the XRD is shown in Figure 62.
Figure 62: XRD spectra for Sydney sample 18-19 months with 54.8% AH3-gel structure
*Noise minimised using Excel: moving average period=5
As shown, the sample contains AH3 with combination of gypsum and a calcium-aluminium- 
silicate hydrate Gismondine CaAISi208.4H20. The crystallinity of other metastable and stable 
hydrates does not appear in the XRD as there are only present in small amounts at any one 
time (14.21% for CAHi0; 14.92% for C3AH6). The presence of gypsum shows that the sample 
is corroded as Ca2+ ions precipitates with sulfate (S042 ). Whereas the presence of 
Gismondine shows the sample has a composition of a mixture of hydrated alumino-silicate.
For the structure of CAH10, the samples from Perth immersed in the sewer for 7-8 months 
were used, as shown in Figure 63. The sample contains 91.36% of CAHio structure.
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Figure 63: XRD spectra for Perth sample7-8 months with 91.36% CAH10 in structure
*Noise minimised using Excel: moving average period=2
Based on Figure 63, the sample contains CAHi0/ C2AH8 and gypsum in the structure. The 
disintegration of C3AH6 (from 64.94% to 6.18%) releases large quantity of Ca2+ which reacts 
with sulfate (S042 ) in the sewer. With that the precipitation of gypsum is expected within 
the structure.
The samples from Sydney immersed in the sewer for 7-8 months contains 45.64% of stable 
hydrates AH3and C3AH6> and is shown in Figure 64.
Figure 64: XRD spectra for Sydney sample 7-8 months with 45.64% of AH3 and C3AH6 structure
* Noise minimised using Excel: moving average period=3
From Figure 64, there are AH3, C3AH6 katoite and CAHi0 in the sample. The spectra has high 
amount of noise, which shows the sample has low crystallinity. C3AH6 is known to be a cubic
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structure, whereas AH3 has poor crystallinity (Newman, 2003). This shows that there is a 
mixture between the two structures in the sample.
All the three spectrum of Figure 62, Figure 63 and Figure 64 confirms the TGA results in the 
previous Section 4.2.2.2 and 4.2.2.3. The structures obtained from the degradation 
temperature using Thermogravimetric analysis (TGA) correlates with the crystallinity of the 
hydrates by X-ray diffraction (XRD).
4.2.2.5 Hardness of corroded CAC
Calcium aluminate cement (CAC) is known for achieving high strength in a short period of 
time. Scrivener et al. (1999) stated that the development of strength of the calcium 
aluminate cement follows an initial rapid rise in strength followed by a slower uptake. In 
other words, longer curing periods will result in stronger cement structure as CAC continues 
to hydrate over time. The hardness gives an indication of the softness of the material in 
effect of H2S concentration. It is known that as cement corrodes, it becomes softer. Thus, 
the hardness of the cement surface is the simplest measurement to indicate the corrosion 
of cement. The extent of corrosion was examined though the bulk sample by slicing the 
coupons.
The physical strength of CAC is measure by hardness of the surface of field samples, 
following the ASTM D2240-05 Standard Test Method for Rubber Property—Durometer 
Hardness. The hardness is measure by a Shore D hardness meter with units in HD (0 HD if 
the indenter completely penetrates the sample, 100 HD if no penetration occurs). The unit 
HD is a durameter unit of force (Newtown), where
Force, N = 0.4445 HD (70)
The field samples from Sydney, Melbourne and Perth were washed to brush off all the 
sewage on the surface of the samples. Thus, the 'surface' of the sample indicated here does 
not take account the corroded layer that has been washed off, and the actual value might 
be lower than shown. For simplicity, the hardness is measured as a function of H2S 
concentration without taking account the difference of time and temperature of each site.
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The hardness of CAC is for the surface and Layer 1 (0 -  3 mm from surface), Layer 2 (3 -  6 
mm from surface) and Layer 3 (6 -  9 mm from surface) is plotted against H2S concentration 
to explore if there is any effect to CAC. The hardness for CAC for roof and tidal is shown in 
Figure 65 and Figure 66 respectively.
Figure 65: Hardness of CAC from Sydney, Melbourne and Perth sites: roof
Figure 66: Hardness of CAC from Sydney, Melbourne and Perth site: tidal
As shown, the average hardness for CAC is between 75 -  83 HD. The hardness seems to 
decrease from 82.2 to about 67.3 HD with the increase of H2S concentration. The 
differences between hardness of the surface and Layer 1, 2 and 3 are insignificant, showing 
that most samples were in good condition. As expected, the roof samples are harder than 
the tidal samples, as the turbulence of the sewage increases the corrosion at the section. At
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1.4 ppm, CAC at the tidal zone is extremely soft (70.3 HD) and increases to about 81.1 HD 
and decreases again after 3.9 ppm of H2S.
The hardness of CAC is compared to PC to see the difference with the effect of H2S. Based 
on the mineralogy and structure and better performance in acidic conditions, CAC is 
expected to be harder than PC. The hardness of PC for roof and tidal is shown in Figure 67 
and Figure 68 respectively:
Hardness for PC - Tidal
■ Surface
■ layerl
■ Layer2
■ Layer3
Layer
Figure 68: Hardness of PC: tidal
From above, the hardness of PC also decreases after 3.9 ppm of H2S. At the roof, the surface 
of PC is extremely low (63 HD) after 10.3 ppm H2S. The hardness for the roof section of PC is 
averaged at 79 HD. The hardness of CAC and PC remains on an average value of 80 HD
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between 1.4 to 10 ppm H2S. At highly acidic conditions (above 68.42 ppm H2S) the hardness 
for CAC and PC begin to decrease. The effect of H2S is more significant at the roof location 
for PC and conversely at tidal location for CAC. The key implication from this is that the 
hardness of CAC and PC is significantly affected by H2S concentration at H2S concentration of 
68.42ppm and above.
The mineralogy, acid neutralisation capacity (ANC) and conversion of corroded CAC were 
investigated. The acid neutralisation capacity of CAC was found to be 40 mM H+ /g CAC, 
which is higher than PC 15 mM H+/g PC. This inhibitive property of CAC to corrosion brings 
significant benefit in application in acidic sewer environment. From the ANC test, the pH of 
CAC remains at pH 4.0. The leaching test show that below pH 4.0, the Al3+ is leached form 
the structure increase significantly. The mineralogy of CAC is also dependant on time and 
H2S concentration in the sewer. The fully hydrated (stable) C3AH6 is susceptible to acid 
attack and dissolved with the increase of pH and H2S concentration, while the unhydrated 
(metastable) CAHi0 and AH3-gel portion in the structure remains intact. However the 
hardness of CAC remains on an average value of 80 HD and begin to soften at concentration 
above 68.42 ppm H2S.
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4.3 Chemistry of Sacrificial Coating Corrosion
This section focuses on the chemistry behind the corrosion of CAC and PC. This includes the 
determination of the mechanism of corrosion for CAC. Based on Pomeroy's model (De Belie 
et al., 2004), the study of corrosion is modified by including the material and mineral change 
of concrete. Portland cement (PC) is known for décalcification (loss of calcium) as the 
dissolution of CH in PC occurs readily with several modes of degradation including leaching, 
carbonation and sulfate attack (Chen et al., 2006, De Windt and Devillers, 2010). Generally, 
the chemical dissolution of inorganic material such as CAC and PC can be described by 
standard heterogeneous kinetic equations (involving reactions at interfaces, due to diversity 
of processes). The overall reaction process may involve three mechanisms that are known to 
influence the degradation kinetics (Adenot and Buil, 1992, Sohn and Wadsworth, 1979):
• Mass transfer of reactants and products between the bulk of the fluid and the 
external surface of the solid particle (bulk diffusion)
• Ion transfer caused by gradients between the corrosive solution and the pore water 
of the cement paste (pore diffusion)
• Dissolution or precipitation (chemical reaction) due to the variations in 
concentration in the pore water of the cement paste
The mechanism of corrosion was determined by both field test (placed in sewer) and 
accelerated chemical corrosion test (laboratory). If there is precipitation of a product layer 
on the surface of the cementitious material shows that the leaching is likely to be 
dominated by chemical reaction due to the variations in concentration in the pore water of 
the cement paste. If so, the mineralogy (which affects the chemical reaction) and porosity 
(which affects the mass transfer) of cement is vital in prolonging the service life. However if 
the acid is observed to penetrate through the material then the degradation is likely to be 
dominated by diffusion. For that reason, the neutralisation capacity of coating is important 
for optimum protection of coating.
In the field test, the CAC and PC samples were placed in sewers in Sydney, Melbourne and 
Adelaide and were extracted in three time frames: 7-8 months, 12-13 months and 18-19 
months. The acid penetration depth for each field sample is measured. The samples were 
washed off to clean the sewage residues attached to the sample and might have washed the
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corrosion layer of CAC and PC thus modifying the actual acid penetration depth. The effect 
of washing would have affected all samples in consistency. The dimension of the field 
samples are 50 x 50 x 25 mm. The smallest dimension 25 mm, and since the acid is able to 
attack form all 3-dimensional sides, the maximum acid penetration is assumed to be 12.5 
mm (half the smallest dimension of the sample). The examples of field samples and acid 
penetration test for CAC and PC is shown in Figure 69 and Figure 70 respectively.
Figure 69: CAC samples raw (left) and degraded (right). Acid penetration depth for degraded sample
Melbourne WTS, 12.73 months
6
Figure 70: PC samples raw (left) and degraded (right). Acid penetration depth degraded sample Melbourne
WTS, 12.73 months
The laboratory test (accelerated chemical corrosion test) is an immersion of CAC and PC 
samples in sulfuric acid and oxalic acid pH 2 and 4 respectively. The sulfuric acid resembles 
the sulfuric acid in sewer, whereas oxalic acid resembles biogenic acid in the sewer. Oxalic 
acid was used as the study by Fomina et al. (2007) stated that fungi are known to excrete 
32-63% of oxalic acid as metabolic product (majority).
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The acid penetration depth for CAC is shown in Figure 71 below. The raw data for Figure 71
is in Appendix 7.2.4.
CAC Roof
— i-----------------------------------------------------1—
10 100
H2S Concentration (ppm)
Full acid 
penetration
■  7-8 months
■
▲  12-13 months 
•  18-19 months
1000
CAC Tidal
Figure 71: Acid penetration depth of CAC vs H2S concentration (ppm) for roof (top) and tidal (bottom)
From Figure 71, the acid penetration depth for CAC in the roof increases with the increase 
of H2S concentration in the sewer up to 10 mm and then decreased to 2 mm as H2S further 
increased. The roof samples were penetrated to about 10 mm when exposed to 10-100 ppm 
H2S but this permeation was reduced 6 mm at 700 ppm H2S. The variation of acid 
penetration depth with time suggests that location and H2S concentration give a high affect 
on acid penetration depth. This could be attributed to the toxicity of high H2S concentration, 
which as suggested in section 4.1 reduced the acid production. The lower acid concentration 
would in turn reduce the acid permeation. These results shows microbial activity is as 
important as the chemical resistance of the lining to acid attack.
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For CAC, there is no obvious corrosion product on the surface of the sample, and all samples 
were observed to be in good condition. This could be explained by the protective AH3 layer 
that surfaced during the dissolution of C3AH6, CAH10 and C2AH8 (refer Equation 71 to 74) 
which prevent further acid penetration into the structure.
CAH 10 + 2H+ — > Ca2+ + 2AH3 + 8H20 (71)
c 2a h 8 + 4H + -> 2Ca2+ + 2AH3 + 7H20 (72)
c 3a h 6 + 6H+ -> 3Ca2+ + 2AH3 + 6H20 (73)
a h 3 + 6H+ -> 2AI3+ + 6H20 (74)
However for tidal zone, the acid penetration seems to be constant at about 2 mm. The two 
samples which are fully penetrated through are considered anomalies. With that, CAC at 
tidal zones is suggested to be independent of time and H2S concentration. The acid 
penetration depth for PC is shown in Figure 72 (raw data in Appendix 7.2.4).
Figure 72: Acid penetration depth of PC vs H2S concentration (ppm) for roof (top) and tidal (bottom)
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From Figure 72, the trendline for both PC roof and tidal increases linearly. The roof reaches 
full penetration at 10 ppm H2S, whereas the tidal at around 700 ppm. The high acid 
penetration of PC lies in the structure of the material and is known to deteriorate in 
structure with time. As stated by Challener (2008), concrete is made with tiny systems of 
pores that absorb water. When water trapped in the material is exposed to the matrix of 
the PC structure, it contracts and expands the surrounding area, working away at the 
material bonds. As concrete age, they become even more porous, soaking in more moisture 
and accelerating the damaging cycle (Challener, 2008). In addition, on reaction with acid the 
Portlandite (calcium hydroxide, Ca(OH)2 or CH) in PC rapidly dissolves and opens up the 
porosity to further penetration of the acid, which continues to attack the concrete over an 
increasing depth (refer Equation (75)) (Alexander and Fourie, 2011).
CH + 2H+ -> Ca2+ + 2HzO (75)
Similar to CAC, the PC samples were washed off to discard all the sewage residues. 
Significant amount of corrosion product were removed from all PC samples, mostly being a 
white pulp known to be gypsum. The corrosion layer is not included in the estimation of acid 
penetration depth but is integrated into the thickness loss in Section 4.4 (next section).
In comparison to CAC, PC has been observed to have corroded significantly by the higher 
acid penetration rate and lower surface pH. This is supported by Goyns (2001) who also 
found that the acid penetration for PC is higher than CAC.
The main outcome from this section is the determination of mechanism of calcium 
aluminate cement corrosion. In contrast with PC, there has been no obvious corrosion 
products at the surface of CAC, thus no precipitation occur on reaction with acid H+. Hence, 
the chemical reaction is eliminated for the mechanism of CAC corrosion. Since there have 
been very low acid penetration through the CAC, the pore diffusion is also discarded. The 
mass transfer of reactants and products between the bulk of the fluid and the external 
surface of the solid particle (bulk diffusion) from the core shrinking model seems to be the 
mechanism of corrosion for CAC. This finding will be used as a basis for determining the 
kinetic modelling of corrosion of CAC in Section 4.4.
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4.4 Kinetic modelling of corrosion
The objective of this section is to identify the rate limiting factor in the corrosion of CAC. The 
kinetics of cementitious corrosion was done by assumption of the diffusion of soluble 
reactiong and non-reacting species in the system with the appropriate boundary conditions 
for a given rate controlling regime. Depending on the reaction conditions, the rate 
controlling step differs for every cementitious reaction. Studies by Gerard et al' (2002) and 
Heukamp wt al. (2001) have stated that the leaching of calcium from cement based 
materials is essentially diffusion control. The derivation of diffusion migration transport 
equation were solved and simplified into Equations (76) -  (79) (Abdel-Aal, 2000, Levenspiel, 
1972, Olanipekun, 2000, Sohn and Wadsworth, 1979).
a = k 0t (76)
1 — (1 — a )  3 = k xt (77)
2 2
1 - - a  -  (1  -  a ) 3 = k2t (78)
1 -  (1 -  a)5 +  B
2 21 
1 - - a  -  (1  -  a ) 3 = k3t (79)
Equation (76) - (79) o= diffraction of metals dissolved with time t; k¡¡, kv k2= overall rate constants (min1); k3= mixed model 
rate constant (min'1 mol'1); B= k j k 2
Equation (76) expresses the mass transfer of reactants and products between the bulk of 
the fluid and the external surface of the solid particle (Levenspiel, 1972, Sohn and 
Wadsworth, 1979). Equation (77) assumes the rate determining step of the leaching rate is 
the chemical reaction on the surface of the mineral which includes the dissolution or 
precipitation due to the variations in concentration in the pore water of the cement paste. 
Equation (78) assumes the rate-determining step is diffusion through the product layer 
caused by gradients between the corrosive solution and the pore water of the cement paste 
and Equation (79) assumes the rate determining step of the leaching rate is the combination 
of chemical control and diffusion control. The dissolution of specific metals (e.g. Al3+ from 
CAC) obtained from a batch data can be fitted into the established shrinking core models 
expressed above. The fit of the data to the models determines the rate determining step for 
the reaction and thus the factor which controls and determines the rate of the coating 
dissolution.
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The modelling kinetics is determined using the samples from field test. The samples were 
placed in the sewer of three locations: Sydney, Melbourne and Perth. As mentioned in 
Section 4.3, the precipitation of a product layer on the surface of the cementitious material 
suggests that the leaching is likely to be dominated by chemical reaction. Thus, the 
mineralogy (which affects the chemical reaction) and porosity (which affects the mass 
transfer) of cement is vital in prolonging the service life. However if the acid is observed to 
penetrate through the material then the degradation is expected to be dominated by 
diffusion, in which the neutralisation capacity becomes the important factor for optimum 
usage of coating. From Section 4.3, the rate limiting step for degradation of CAC is 
determined to be the core-shrinking bulk diffusion model. In this section, 
Thermogravimetric analysis (TGA) was performed to validate the quantity of stable and 
metastable products on the surface of samples with the effect of time. In addition, the loss 
of thickness of field samples placed in sewers was investigated to measure the kinetics of 
corrosion.
The samples from each sewer line in each location were used to show the effect of time on 
the conversion of CAC. The results are represented according to location: Sydney, 
Melbourne and Perth.
4.4.1 Mineralogical changes of CAC with time
4.4.1.1 Sydney
The average H2S concentration in the sewer pipe in Sydney was between 2-4 ppm, with 
more than 95% relative humidity and temperature range between 18-25 °C. There were 3 
samples collected from the pipes: 8.93, 12.13 and 18.43 months. The normalised DTA of the 
corroded samples from the roof of the sewer is shown in Figure 73 and the details are 
represented in Table 27.
Table 27: Effect of time on field samples: Sydney sewer - roof
P la ce m e n t o f co u p o n S a m p le  Label Lo ca tio n P eriod  im m e rse d  (m o n th s)
8-9  m o n th s Sy d n e y 8.93
R o o f 12-13 m o n th s Sy d n e y 12.13
18-19  m o n th s Sy d n e y 18.43
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Figure 73: Normalised DTA for corroded Sydney roof sample - effect of time
In Figure 73, the stable AH3 and C3AH6 decrease with time while the AH3-gel increases. The 
percentage of structure is shown in Table 28.
Table 28: Percentage of structure in hydrated and corroded CAC: Sydney roof
Sample (Roof)
% structure
Metastable Stable
A H 3-ge l C A H 10 c 2a h 8 a h 3+ c 3a h 6
C A C  H y d ra te d 24.35 10.71 - 64.94
S y d  8 -9  m o n th s 38.07 21.37 - 40.56
S yd  12 -1 3  m o n th s 42.45 37.10 - 20.45
S yd  1 8 -1 9  m o n th s 54.80 14.21 16.06 14.92
For the samples placed on the roof of Sydney's sewer, the stable C3AH6 structures decreased 
from 64.94% to 14.92% which suggests that the acid in the sewage dissolved the C3AH6 
structure releasing the AH3-gel. This also explains the increase of AH3-gel form 24.35% to 
54.80%. The normalised DTA of the corroded samples from the tidal zone of Sydney sewer is 
shown in Figure 74 and the details are represented in Table 29.
Table 29: Effect of time on field samples: Sydney sewer - tidal
P la ce m e n t o f co u p o n S a m p le  Label Lo ca tio n P e rio d  im m e rse d  (m o n th s)
8-9 m onths Sydney 8.93
Tidal 12-13 m onths Sydney 12.13
18-19 m onths Sydney 18.43
118
Figure 74: Normalised DTA for corroded Sydney tidal sample - effect of time
Figure 74 shows that the AH3-gel increase with time, but the stable products decrease 
initially at 12-13 months then increase at 18-19 months. The percentages of structure are 
shown in Table 30.
Table 30: Percentage of structure in hydrated and corroded CAC: Sydney tidal
Sample (Tidal)
% structure
Metastable Stable
AH3-gel CA H 10 c 2a h8 a h 3+ c 3a h 6
CAC Hydrated 24.35 10.71 - 6 4 .9 4
Syd 8-9 months 4 9 .7 8 15.72 - 3 4 .5 0
Syd 12-13 m onths 4 7 .7 9 16.73 - 3 5 .4 8
Syd 18-19 m onths 4 9 .2 1 17.67 - 3 3 .1 2
At the tidal zone, the proportion of AH3-gel increases from 24.35% to 49.21%. The stable 
products however, decrease from 64.94% to 33.12%, but the C3AH6 seems to increase 
between 12-13 months to 18-19 months. This may be due to the continuous hydration of 
unhydrated CH, CAHio and C2AH8 to C3AH6 over time as the water in the sewage also 
contributes to the hydration of CAC. As pointed out by Juenger et al. (2010), the conversion 
process may take years. There is a similarity between the corrosion in the roof of the sewer 
and at the tidal with the increase of AH3-gel and decrease of C3AH6.
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4.4.1.2 Melbourne
The average H2S concentration in the sewer pipe in Melbourne was between 1 to 10 ppm, 
with more than 95% relative humidity and temperature range between 18-22 °C. There 
were 2 samples collected from the pipes: 7.70 and 12.73 months. Since there were two 
sewer pipes with different H2S concentration, the DTA results are shown parallel to each 
other; one having 7 to 10 ppm H2S, and the other having 1-2 ppm H2S. The normalised DTA 
of the corroded Melbourne samples from the roof of the sewer is shown in Figure 75 and 
the details are represented in Table 31.
Table 31: Effect of time on field samples: Melbourne sewer - roof
P la ce m e n t o f co u p o n S a m p le  Lab el Lo catio n P erio d  im m e rse d  (m o n th s)
Roof
Mel 8-9 m onths 
Mel 12-13 m onths
M elbourne
M elbourne
7.70
12.73
Figure 75 (left) shows the higher H2S level (7-10 ppm), while the right shows the lower 
concentration (1-2 ppm). The percentages of structure in the hydrated and corroded 
products are shown in Table 32.
Table 32: Percentage of structure in hydrated and corroded CAC: Melbourne roof
Sample (Roof)
% structure
Metastable Stable
A H 3-g e l C A H 10 c 2a h 8 a h 3+ c 3a h 6
C A C  H y d ra te d 2 4 .3 5 10 .7 1 - 6 4 .9 4
M e l 7-8  m o n th s ; 7 -1 0  p p m  H 2S 2 9 .2 9 5 1 .2 5 - 1 9 .4 6
M e l 1 2 -1 3  m o n th s ; 7 -1 0  p p m  H 2S 2 4 .0 7 7 0 .2 7 - 5 .6 6
M e l 7 -8  m o n th s ; 1-2 p p m  H 2S 2 4 .2 5 5 8 .9 6 7 .0 7 9 .7 2
M e l 1 2 -1 3  m o n th s ; 1-2 p p m  H 2S 4 9 .6 2 1 5 .4 4 2 2 .7 0 1 2 .2 4
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The percentages of structure in the higher H2S sewer pipe (7-10 ppm) and the lower H2S 
sewer pipe (1-2 ppm) was observed to be different. At higher H2S site (7-10 ppm) the 
percentage of CAHio increases significantly from 10.71 to 51.25% in structure. The 
percentage of C3AH6 had declined with time from 64.94% to 12.24%. For low H2S site (1-2 
ppm) percentage of AH3-gel increased and C3AH6 decreases with time. The key implication 
from this is that the H2S has significant impact on corrosion rate at roof.
The normalised DTA of the corroded samples from the Melbourne tidal is shown in Figure 
76 and the details are represented in Table 33.
Table 33: Effect of time on field samples: Melbourne sewer - tidal
P la ce m e n t o f co u p o n S a m p le  Lab el Lo catio n P e rio d  im m e rse d  (m o n th s)
Tidal
Mel 8-9 months 
Mel 12-13 months
Melbourne
Melbourne
7.70
12.73
The left graph is for the high H2S site in Melbourne (7-10 ppm) while the left is for the lower 
H2S site (1-2 ppm). The percentages of structure in the Melbourne tidal samples are shown 
in Table 34.
Table 34: Percentage of structure in hydrated and corroded CAC: Melbourne tidal
Sample (Tidal)
% structure
Metastable Stable
A H j-g e l C A H 10 c 2a h 8 a h 3+ c 3a h 6
CA C H ydrated 24.35 10.71 - 64.94
M el 7-8 m on ths 7-10 ppm  H 2S 34.22 43.15 - 22.63
M el 12-13 m onths 7-10 ppm  H 2S 34.22 43.15 - 22.63
M el 12-13 m onths 1-2 ppm  H2S 35.58 36.23 19.53 8.66
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For tidal zone at Melbourne site, the trend for both high and low H2S site was similar with 
the increment of AH3-gel (from 24.35% to >34%) and the decline of C3AH6 (from 64.94% to 
<25%). The trend for Melbourne tidal was also similar to the Sydney tidal samples.
4.4.1.3 Perth
The average H2S concentration in the sewer pipe in Perth was between 60 to 700 ppm, with 
more than 95% relative humidity and temperature range between 26-29 °C. There was only 
one sample collected from the pipes: 7.20 months. Since there were two sewer pipes with 
different H2S concentration, the DTA results are shown parallel to each other; one having 60 
to 70 ppm H2S (right) and the other having 600-700 ppm H2S (left). The normalised DTA of 
the corroded samples from the roof of the sewer is shown in Figure 77 and the details are 
represented in Table 35.
Table 35: Effect of time on field samples: Perth sewer - roof
P la ce m e n t o f co u p o n S a m p le  Label Lo ca tio n P erio d  im m e rse d  (m o n th s)
Roof Per 7-8 m onths Perth 7.17
Table 36 shows the percentages of the structure in both hydrated and corroded CAC for 
Perth samples.
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Table 36: Percentage of structure in hydrated and corroded CAC: Perth roof
Sample (Roof)
% structure
Metastable Stable
A H 3-ge l C A H 10 C 2A H 8 a h 3+ c 3a h 5
C A C  H y d ra te d 2 4 .3 5 1 0 .7 1 - 6 4 .9 4
P e r 7 -8  m o n th s  6 0 0 -7 0 0  p p m  H 2S 2 4 .5 6 5 5 .8 6 - 1 9 .5 8
P e r 7 -8  m o n th s  6 0 -7 0  p p m  H 2S 3 9 .3 7 4 6 .8 7 - 1 3 .7 6
For samples placed at the roof of Perth sewer pipe, the trend of stable structures AH3 and
C3AH6 decreasing (from 64.94% to <20%) and the increase of metastable AH3-gel and CAHio
was similar to the samples placed in Sydney and Melbourne. The normalised DTA of the 
corroded Perth samples from the tidal of the sewer is shown in Figure 78 and the details are
represented in Table 37.
Table 37: Effect of time on field samples: Perth sewer - Tidal
P la ce m e n t o f co u p o n S a m p le  Label Lo ca tio n P eriod  im m e rse d  (m o n th s)
Tidal
Mel 8-9 m onths 
Mel 12-13 m onths
M elbourne
M elbourne
7.70
12.73
600-700ppm H2S
Tidal
60-70ppm H2S
Figure 78: Normalised DTA for corroded Perth tidal sample - effect of time
The percentages of structure for the samples placed in the tidal zone of Perth sewers are 
shown in Table 38 below:
Table 38: Percentage of structure in hydrated and corroded CAC: Perth tidal
Sample (Tidal)
% structure
Metastable Stable
A H 3-g e l C A H 10 c 2a h 8 a h 3 + c 3a h 6
C A C  H y d ra te d 2 4 .3 5 1 0 .7 1 - 6 4 .9 4
P e r 7 -8  m o n th s  6 0 0 -7 0 0  p p m  H 2S - 9 1 .3 6 - 8 .6 4
P e r 7 -8  m o n th s  6 0 -7 0  p p m  H 2S 2 1 .0 6 7 2 .7 5 - 6 .1 8
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Based on Figure 78 and Table 38 for the samples placed at the tidal zone of Perth sewers, 
the stable structures (AH3+C3AH6) has decreased substantially (form 64.94% to <10% in 
structure). CAHi0 remained the majority in the structure. In the samples in Perth, the AH3- 
gel was observed to decrease significantly to 0% in the 600-700 ppm H2S site and to 21.06% 
at the 60-70 ppm H2S site. This was opposite from the samples placed in Sydney and 
Melbourne. The loss of AH3-gel in the high H2S Perth site suggests that the concentrated H2S 
has dissolved in the sewage, decreasing the pH significantly. The surface pH of the sample in 
the 600-700 ppm H2S site was found to be pH 4.0. At this pH, the AH3 dissociates releasing 
Al3+ and water. The sample in the 60-70 ppm H2S site had a surface pH of 6.0, thus the 
remaining 21.06% AH3-gel in structure.
The stable structures AH3 and C3AH6 decreased from 64.94% to below 10% in structure. The 
high H2S concentration was suggested lower the pH of the sewage and dissolving the C3AH6 
structure. As the tidal zone has turbulence from the continuous increase and decrease level 
of sewage, the structure is washed away leaving the metastable CAHi0. In comparison to 
C3AH6, CAH10 is known to have has higher strength (refers Figure 79) (Juenger et al., 2010).
The higher strength of CAH10 means that upon attack of acid, the dissociation of CAHi0 is 
harder compare to C3AH6. This could explain the reason why the amount of CAH10 
dominates the structure of samples in Perth tidal zone.
124
In conclusion, each site whether in Sydney, Melbourne of Perth shows the similar trend of 
decreasing stable C3AH6and AH3, with increasing AH3-gel and CAHi0. The cause for diversity 
in the percentage is contributed by the H2S concentration and temperature of site.
The thickness loss of samples is measured to estimate the kinetics of corrosion of CAC.
4.4.2 Thickness Loss
The field samples placed in the sewers of Sydney, Melbourne and Perth is used to estimate 
the rate of corrosion. Based on the mineralogy, the thickness loss for PC is expected to be 
higher than CAC. Photographs of corroded PC coupons from the field test are shown in 
Figure 80.
Figure 80: PC samples raw (left) and degraded (right). Degraded sample Perth: 7.17months, 68ppm H2S
As shown above, the PC samples expanded and completely disfigured, making it extremely 
difficult to measure the thickness loss. Therefore the measurement of thickness loss is 
validated by acid penetration depth and surface pH, to estimate the extent of corrosion. The 
thickness loss for PC is plotted against time and shown in Figure 81 (raw data in Appendix 
7.2.5). The positive values indicate loss of thickness, and the negative values indicate 
expansion.
125
Figure 81: Acid penetration depth of PC vs time (days) for roof (top) and tidal (bottom)
For PC, there is thickness loss between 0 to 200 days, then the samples expanded due to the 
corrosion layer. It is observed that a white layer formed on the PC samples, and is mostly to 
be gypsum. From visual of the samples, the mechanism of corrosion for PC is diffusion, as 
the acid is known to permeate though the structure from Section 4.3. In addition, there is 
precipitation on the surface of PC. Therefore the rate determining step for degradation of 
PC is the combination of chemical control and diffusion control.
The CAC samples on the other hand do not show precipitation on the surface. It does 
however expand. Figure 82 shows the CAC sample for field test.
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As mentioned before, there is no obvious precipitation on the surface of CAC, but there 
seem to be expansion. This visual assumption is confirmed by measuring the thickness loss 
of CAC shown in Figure 83 (raw data in Appendix 7.2.5).
Figure 83: Acid penetration depth of CAC vs time (days) for roof (top) and tidal (bottom)
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As shown, the thickness decreases on day 0 to approximately 200 in roof before the CAC 
begins to expand. The expansion may be due to the AH3 that is formed on reaction between 
CAC and acid which fills in the pore structure of CAC. As mentioned before, there is no 
corrosion layer, but obvious expansion of sample for samples in each field site Sydney, 
Melbourne and Perth for all time frames. The increase and decrease of thickness loss may 
also be due to the availability of acid to attack. In bioacid analysis (Section 4.1), the 
concentration of acid peaked at 200 days then decreased significantly (refer Figure 84), 
similar trend to thickness loss of CAC. This suggest that there is less acid to react with CAC 
on the surface, as the passivation layer of AH3 not only protects the CAC from further acid 
destruction, but also fills in the pore structure causing expansion of CAC.
* Organic Acids x Sulfuric acid
Figure 84: Concentration of metabolic products: field test vs time for CAC
The variety of thickness loss of CAC is also contributed by the passivation layer that was 
created in reaction with acid. Goyns (2001) stated that the products of corrosion of CAC 
remains intact and not washed away as easily. This is supported by the TGA analysis on 
corroded CAC in all sites (Sydney, Melbourne and Perth in Section 4.4.1) where the 
proportion of passivation layer AH3-gel increases over time. The degradation of CAC can also 
be intensified by the presence of salts (CaS04, Ca(N03)2, CaC03) formed during the 
hydrolysis and from the effects of biofilms. Both these compete for surface space with AH3 
and salts crystals can swell, inducing textural and mechanical deterioration of CAC (Kellogg 
Brown & Root Pty Ltd, 2008).
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The variation of thickness loss in the field test samples placed in Sydney, Melbourne and 
Perth's sewer were compared to the accelerated chemical corrosion tests performed in the 
laboratory. CAC samples were immersed in 1% sulfuric acid and 1, 5 and 10% oxalic acid. 
The former was used to resemble organic acids produced by the bacteria, while the latter 
was used to resemble metabolic acid produced from fungi. The time frame for immersion 
was 1, 3, 5, 7, 14, 21, 28 and 45 days for oxalic acid and 0.5, 1, 2, 3, 4 and 19 hours for 1% 
sulfuric acid. The pH value of the acidic solution was monitored with a digital pH meter.
CAC was immersed in 1% sulfuric acid for a maximum of 19 hours. The acid solutions were 
changed every hour to ensure the pH remained below pH 1.5.
Figure 85: Accelerated Chemical corrosion tests: CAC in 1% sulfuric acid
The rate of attack was high on contact of sulfuric acid with CAC as the pH of solution 
increase significantly. The solution was replaced every 30 minutes to ensure the pH remains 
at 1.05 ± 0.5 and also to prevent precipitation of gypsum layer. Therefore the maximum 
timeframe used for immersion of CAC in sulfuric acid is 19 hours. The thickness of the 
sample seemed to decrease 0.25% with time. In comparison to the study by Alexander and 
Fourie (2011), they stated that upon reaction with sulfuric acid the thickness of CAC 
increases until after 30 hours where the passivation layer stifles the attack. This is due to the 
gypsum layer that forms on the surface of CAC.
On reaction with organic acid, in this case oxalic acid, the thickness of CAC decreased and 
then increased with time (see Figure 46)
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Figure 86: : Accelerated chemical corrosion tests CAC in 1, 5 and 10% oxalic acid
As shown, the thickness of CAC decreased for the first 12 days of immersion then the 
thickness increased. The rate seems to increase with the increase of oxalic acid 
concentration. The increase of thickness suggests that with time, the Al3+ and Ca2+ in CAC 
create complexes with oxalic acid. However so, there were no precipitation layers on the 
surface of CAC. Therefore the dissolved metals are assumed to be aqueous in the aqueous 
phased, without changing the pH of solution.
Due to the high variation of thickness loss from both field and laboratory tests, the 
modelling of CAC based on material loss could not be performed.
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Chapter 5: Conclusions and Recommendations
The aim of this study is to establish the science background that is beneficial for developing 
a protective system for sewer pipes based on calcium aluminate cement (CAC). The 
sequential growth of organism was investigated. On CAC, bacteria and fungi are able to 
colonise at a wide range of pH 3.5 -  8 and metabolise at a wider pH 1-10. Fungi are able to 
excrete high levels of organic acid (33176 mg/kg sample) at neutral pH 7 to 8 while bacteria 
excrete about 6500 mg/kg sample of sulfuric acid between pH 3.5 to 8. In comparison to 
epoxy samples, fungi are able thrive at pH 3 and 8 with levels of organic acid as high as 
64309 mg/kg sample. Bacteria are able to metabolise sulfuric acid on epoxy surface with a 
maximum concentration of 587 mg/kg sample. These suggest that fungi metabolises more 
acid on epoxy coatings in comparison to CAC, while bacteria produces more acid on CAC. 
Because CAC is able to keep its surface pH above 4.0, it has the potential to arrest the 
corrosion problem by keeping the corrosion only under the actions of the weaker organic 
acids. The implication is the need to control the surface pH of lining and concrete to above 
pH 4.0.
The mineralogy and acid neutralisation capacity of CAC and the potential impact on 
corrosion rates was studied. The acid neutralisation capacity (ANC) of CAC was found to be 
40 mM H+/g CAC, which is higher than PC (15 mM H+/g PC). This inhibitive property of CAC 
to corrosion brings significant benefit in application in acidic sewer environment. From the 
ANC test, the pH of CAC remained at pH 4.0 until more than 20 mM of acid was added to 1 
gram of sample. The leaching test showed that below pH 4.0, the Al^+ that is leached from 
the structure increased significantly. The mineralogy of CAC is also dependant on time and 
H2S concentration in the sewer. The fully hydrated (stable) C3AH6 is susceptible to acid 
attack and dissolved with the decrease of pH and H2S concentration, while the unhydrated 
(metastable) CAH10 and AH3-gel portion in the structure remains intact. At pH 4.0, only 
about 8.64% of C3AH6 and AH3 were left at the tidal zone and 13.76% were left at roof of 
sewer (pH 3.5). The fully hydrated C3AH6 and AH3 decreased from 64.94% to 19.58% with 
the increase of H2S (7 ppm to 654 ppm). The hardness of CAC remains on an average value 
of 80 HD and begin to soften at concentration above 68.42 ppm H2S. This agrees with the 
findings in Section 4.1 that keeping the pH above 4.0 has the potential to detain the 
corrosion problem of CAC.
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From the samples placed in the sewers in Sydney, Melbourne and Perth, the reaction 
involving in the corrosion of CAC was investigated. No obvious precipitations on the surface 
layer of CAC suggest that leaching dominate controls the kinetics of CAC degradation. In 
addition, the rate determining steps and kinetics of CAC dissolution in biogenic acids (oxalic 
acid) and sulfuric acid was found to be mass transfer of reactants and products (bulk 
diffusion). However, due to the high variation of thickness loss from both field and 
laboratory tests, the modelling of CAC degradation was not able to be attained.
In conclusion, the process of CAC degradation is essentially complex. Testing of its 
performance is therefore best conducted in the field tests. However to fully understand the 
impact of its environment on CAC performance, it is also important to decouple the various 
stress factors that have impact on its degradation.
Recommendation for future work includes modeling the data that takes into account the 
two stages of thickness loss of CAC: one decreasing significantly immediately on reaction 
with acid and increases thereafter. In addition, the effect of time, H2S, air temperature and 
humidity for CAC should be added to the model for a valid degradation rate. The 
combination of knowledge can be used to determine the extent of toxicity of Al3+ within CAC 
and the effectiveness on inhibiting corrosion.
The results in this study demonstrated the efficacy of using CAC as protective coating 
against microbiologically induced corrosion in the sewer. Although preliminary results show 
CAC has a slower rate of corrosion than OPC, the prediction of the long term performance of 
CAC is challenged by the lack of knowledge in the conversion of CAC. Conversion as brought 
out by this study converts CAC mineralogy to its more reactive phase. This study examined 
the short term kinetics of this conversion but long term studies (e.g., up 10-50 years, the 
required service life of coating) are required to provide the confidence in its service life.
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Chapter 7: 
Appendix
7.1 
M
etabolic products from
 field test
7.2 Particle distribution for CAC and PC for neutralisation capacity 
7.2.1 Calcium aluminate cement size distribution
Volume (%)
Partide Diameter (|jm  )
FtesiJt: Analysis Table
I D C / O n r C  R m N a  19
R ie  DIY/VMA R ee Nd: 6
Rath: C\3ZH «vCATA \O BVBSR1\
IVbasuect 1 »4/2011 252FM  
Analysed: 1»4/2Q11 25 2FM
Sotree Analysed
Range 300 mm Bearne 1Q00 mm Sampler M57 Cbs’: 1 7 .0 %
Resertation 3C H D  Analysis: Mromodal Reside!: 1 3 8 6 0 %
M r if  ¡cations: Nane
Ocre. =  O.Q217%Vfcl 
DistribUiorc \4nluTe 
D(v, 0. 1) = 26.91 u n  
Span =  6521 E O I
Density = 1.000 g/crrfS 
D(4, 3  = 3601 u n  
D(v, 0.5) =  37.02 u n  
Uniformity =  2.00BE01
S S A =  0.1679 rrY2/g 
D [3  23 = 35 74 u n  
D(v, 0 .9 )=  51.06 u n
S2E
(u n )
Vfalune
Uhder%
Q49 Q00
Q58 Q00
Q67 Q00
Q 78 Q00
Q91 a  oo
1.06 a  ao
1.24 a  00
1.44 a  00
1.68 a  00
1.96 a  00
2 2 8 a  ao
26 6 a  00
309 a  ao
S ze
(cm)
Mdume
Under%
360 Q00
4 1 9 QOO
4.88 Q00
56 9 00 0
6 6 3 Q00
7.72 Q00
90 0 Q00
1Q48 Q00
1221 Q00
14.22 Q00
1657 QOO
1931 QOO
2249 33 7
Sbe
(u n )
V O u ne
Uhder%
2623 64 7
3Q53 21.41
3556 4341
41.43 6819
4627 8654
5623 »4.96
6651 100.00
7632 10Q00
8891 100.00
10358 100.00
12Q67 100.00
140.58 100.00
16377 100.00
(u n )
\dum e
Under%
19Q80 100.00
22228 100.00
25896 10QOO
301.68 100.00
361.46 100.00
40946 10Q00
477.01 10Q00
56671 10Q00
©47.41 100.00
754.23 10Q00
87867 10Q00
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7.2.2 Portland cement particle size distribution
Volume (% )
Particle Diameter (|jm  )
Ftesilt: Analysis Table
ID  Girerete Rlp Na 15 Maasued 194/2011 248FM
Rie DIYAMA Ree. Nd 4 Analysed: 194/2011 248FM
Rath C \3Z m S 0W A \C I-B \/B s M \ Socrce Analysed
Range 3CDrrm Beam 1000 mm Sarrpler M57 Cbs’: 125%
Resentation 3 0 0 firetys is: Mjnomadal Residual: 13612%
Macif ¡cations: Nare
O ra  = 0.0132 °/<Mal Density = 1.000 g/cnYS S S A =  0.1974 rrT2/g
DstribUicrt U rlare D[4, g  = 31.78im D(3 3  = 3Q40 urn
D(v, 0 .1 )=  2 3 1 9 urn CXy, 0.5) = 31.23 urn D(v, 0 .9 )=  41.27 urn
Span = 5.787E-01 Urifom ity = 1.7©1E01
Sze
(urn)
Mature
Urder% (urn)
Mal urne 
Under%
Sae
(im )
Mal im e 
Under%
Sze
(urn)
Mai u re  
Under%
Q49 Q 00 360 Q00 2620 21.55 190.80 100.00
Q58 a  00 419 Q00 3Q53 4583 22228 100.00
Q67 a  oo 488 Q00 3558 7262 25896 100.00
Q78 a  oo 569 Q00 41.43 9039 301.68 100.00
Q91 a  oo 663 Q00 4827 100.00 351.46 100.00
1.06 a  oo 7.72 Q 00 5623 100.00 40945 10Q00
1.24 a  oo 900 a  oo 6551 10000 477.01 100.00
1.44 Q00 10.48 a  oo 7632 100.00 55571 10000
1.68 Q00 1221 a  oo 8891 100.00 647.41 100.00
1.95 Q00 14.22 a  oo 10358 100.00 754.23 100.00
228 Q00 1657 a  oo 12067 10Q00 87867 100.00
265 Q00 1931 a  oo 140.58 10Q00
309 Q00 2249 7.69 16377 10Q00
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7.2.3 Calibration curve for aluminium and calcium from ICP-AES
7.2.3.1 Calibration for aluminium
Intensity x 10 2
Figure 87: Calibration curve for aluminium obtained from ICP-AES
Using Figure 87, the concentration of samples were determined and presented in Table 39 
below. Metal composition for CAC = 21.86% Al, 29.6% Ca; PC = 2.11% Al, 44.60% Ca.
Table 39: Determination of concentration of leached Al3+ in acid neutralisation capacity
Sa m p le  nam e
/  m o le  H + \  
\ g  s a m p l e )  
x  1 0 “ 3
Intensity
a i 3+
co ncen tratio n
(m g/L)
M ass o f Al 
d isso lved  (g) %  Al d isso lved
C A C O 0.0 7015 .10 172.57 0.0017 0.39
CA C 1 6.0 1224.68 30.13 0.0005 0.22
C A C  2 6.5 1858.50 45.72 0.000 8 0.35
C A C  3 7.5 1862.43 45.82 0.000 8 0.37
CA C 4 8.0 1700.79 41.84 0.000 8 0.34
C A C  5 10.0 3275 .16 80.57 0.001 6 0.74
C A C  6 15.0 164548 4047.88 0.101 2 46.30
CA C 7 20.0 164033 4035.21 0.1211 55.39
C A C  8 30.0 180199 4432 .90 0.1773 81.13
CA C 9 40.0 156130 3840.80 0.192 0 87.86
CA C 10 50.0 132050 3248.43 0.194 9 89.17
P C O 0.0 1143.08 28.12 0.0003 0.66
PC 1 6.0 752.309 18.51 0.000 3 1.40
PC 2 6.5 797.86 19.63 0.0003 1.53
PC 3 7.0 1823.36 44.85 0.000 8 3.60
PC 4 8.0 14412 354.55 0.006 4 30.15
PC 5 10.0 18851 463.74 0.0093 43.81
PC 6 15.0 15813 389.01 0 .009 7 45.94
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7.2.3.2 Calibration for calcium
Intensity x 103
Figure 88: Calibration curve for calcium obtained from ICP-AES
From Figure 88 the concentration of samples were determined and presented in Table 40. 
Metal composition for CAC = 21.86% Al, 29.6% Ca; PC = 2.11% Al, 44.60% Ca.
Table 40: Determination of concentration of leached Ca2* in acid neutralisation capacity
Sa m p le  nam e
/  m o le  H + \  
\ g  s a m p le  j  
x  1 0 " 3
Inte nsity
C a 2+
co ncen tratio n
(m g/L)
M ass o f Ca 
d isso lved  (g)
% Ca d isso lved
C A C O 0.0 149244 579.96 0.0058 1.08
CA C 1 6.0 2433 411 9456 .24 0.1513 50.43
C A C  2 6.5 2616566 10167.98 0.1678 55.92
C A C  3 7.5 2844932 11055.41 0.1935 64.49
C A C  4 8.0 2872 789 11163.66 0.2009 66.98
CA C 5 10.0 3049 701 11851.14 0.2370 79.01
CA C 6 15.0 2694 529 10470.94 0.2618 87.26
CA C 7 20.0 2331013 9058 .32 0.2717 90.58
CA C 8 30.0 1909225 7419.25 0.2968 98.92
CA C 9 40.0 1515627 5889.73 0.2945 98.16
CA C 10 50.0 1246847 4845.25 0.2907 96.90
P C 0 0.0 212833 827.07 0.0083 0.93
PC 1 6.0 2 488 810 9671 .52 0.1547 34.70
PC 2 6.5 2682 462 10424.05 0.172 0 38.57
PC 3 7.0 2805 616 10902.62 0.1853 41.56
PC 4 8.0 2703 443 10505.58 0.1891 42.40
PC 5 10.0 2614 493 10159.92 0.2032 45.56
PC 6 15.0 1975955 7678.56 0.192 0 43.04
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7.2.4 Data for acid penetration depth of CAC and PC
Table 41: Data for add penetration depth of CAC from field samples - roof
Sample Range of period immersed (months)
H2S average 
(ppm) Surface pH
Acid penetration 
depth (mm)
M 12-CL-S1 1 2 - 1 3 1.40 5.5 6
M 6-CL-S1 7 - 8 1.74 7 2
S12-CL-S1 1 2 - 1 3 2.37 6 2
S12-C H -S1 1 2 - 1 3 3.01 7 3
S6-C H -S1 7 - 8 3.66 7 2
S6-C L-S1 7 - 8 3.90 6 2
M 6-CH -S1 7 - 8 7.19 6 3
M 12-CH -S1 1 2 - 1 3 10.30 4.5 10
P6-CL-S1 7 - 8 68.42 3.5 10
P6-CH -S1 7 - 8 654.26 5 6
S18-C H -S1 1 8 - 1 9 3.00 6 3
S18-CL-S1 1 8 - 1 9 3.00 6 2
Table 42: Data for add penetration depth of PC from field samples - roof
Sample Range of period immersed (months)
H2S average 
(ppm) Surface pH
Acid penetration 
depth (mm)
M 6-CL-G 1 7 - 8 1.74 8 5
M 12-CL-G 1 1 2 - 1 3 1.40 4 5
S12-C L-G 1 1 2 - 1 3 2.37 8 2
S12-C H -G 1 1 2 - 1 3 3.01 7 5
S6-C H -G 1 7 - 8 3.66 7 2
S6-C L-G 1 7 - 8 3.90 8 2
M 6-CH -G 1 7 - 8 7.19 7 8
M 12-CH -G 1 1 2 - 1 3 10.30 3.5 12.5
P6-CL-G 1 7 - 8 68.42 6 12.5
P6-CH -G 1 7 - 8 654.26 3.5 12.5
S18-C H -G 1 1 8 - 1 9 3.00 5 5
S18-CL-G 1 1 8 - 1 9 3.00 8 2
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Table 43: Data for add penetration depth of CAC from field samples - tidal
Sample Range of period immersed (months)
H2S average 
(ppm) Surface pH
Acid penetration 
depth (mm)
M 1 2-TL-S1 1 2 - 1 3 1.40 6 12.5
S12-TL-S1 1 2 - 1 3 2.37 8 2
S1 2-TH -S1 1 2 - 1 3 3.01 8 2
S6-TH -S1 7 - 8 3.66 8 2
S6-TL-S1 7 - 8 3.90 8 2
M 6-TH -S1 7 - 8 7.19 8 3
M 12-TH -S1 1 2 - 1 3 10.30 3.5 12.5
P 6-TL-S1 7 - 8 68.42 6 2
P6-TH -S1 7 - 8 654.26 4 2
S1 8 -TH -S1 1 8 - 1 9 3.00 6 2
S18-TL-S1 1 8 - 1 9 3.00 6 2
Table 44: Data for acid penetration depth of PC from field samples - tidal
Sample Range of period immersed (months)
H2S average 
(ppm) Surface pH
Acid penetration 
depth (mm)
M 1 2-TL-G 1 1 2 - 1 3 1.40 4 12.5
S12-TL-G 1 1 2 - 1 3 2.37 8 2
S12-TH -G 1 1 2 - 1 3 3.01 8 2
S6-TH -G 1 7 - 8 3.66 8 2
S6-TL-G 1 7 - 8 3.90 8 2
M 6-TH -G 1 7 - 8 7.19 8 5
M 12-TH -G 1 1 2 - 1 3 10.30 3.5 3.85
P6-TL-G 1 7 - 8 68.42 7 5
P6-TH -G 1 7 - 8 654.26 3.5 12.5
S18-TH -G 1 1 8 - 1 9 3.00 5 2
S18-TL-G 1 1 8 - 1 9 3.00 5 2
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7.2.5 Data for thickness loss of CAC and PC
Table 45: Data for thickness loss of CAC from field samples - roof
Sample Range of period immersed (months) H2S average (ppm) Thickness loss (mm)
S6-C H -S1 7 - 8 3.66 0.7758
S6-C L-S1 7 - 8 3.90 0.7783
S12-C L-S1 1 2 - 1 3 2.37 0.7833
S12-C H -S1 1 2 - 1 3 3.01 0.9967
S18-C H -S1 1 8 - 1 9 3.00 0.2117
S18-C L-S1 1 8 - 1 9 3.00 0.1033
M 6-CL-S1 7 - 8 1.74 1.3494
M 12-CL-S1 1 2 - 1 3 1.40 0.5875
M 6-CH -S1 7 - 8 7.19 1.0154
M 12-CH -S1 1 2 - 1 3 10.30 - 0.0992
P 6-CL-S1 7 - 8 68.42 - 0.4287
P 6-CH -S1 7 - 8 654.26 0.8544
Table 46: Data for thickness loss of PC from field samples - roof
Sample Range of period immersed (months) H2S average (ppm) Thickness loss (mm)
S6-C H -G 1 7 - 8 3.66 0.5787
S6-C L-G 1 7 - 8 3.90 0.5579
S12-C L-G 1 1 2 - 1 3 2.37 0.4442
S12-C H -G 1 1 2 - 1 3 3.01 0.7108
S18-C H -G 1 1 8 - 1 9 3.00 - 0.0396
S18-C L-G 1 1 8 - 1 9 3.00 0.1725
M 6-CL-G 1 7 - 8 1.74 0.3975
M 12-CL-G 1 1 2 - 1 3 1.40 0.3050
M 6-CH -G 1 7 - 8 7.19 0.6929
M 12-CH -G 1 1 2 - 1 3 10.30 d isfigured
P 6-CL-G 1 7 - 8 68.42 - 5.0710
P6-CH -G 1 7 - 8 654.26 - 3.5849
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Table 47: Data for thickness loss of CAC from field samples - tidal
Sample Range of period immersed (months) H2S average (ppm) Thickness loss (mm)
S6-TH -S1 7 - 8 3.66 0.6733
S6-TL-S1 7 - 8 3.90 0.3083
S12-TL-S1 1 2 - 1 3 2.37 0.3850
S1 2-TH -S1 1 2 - 1 3 3.01 0.5658
S18-TH -S1 1 8 - 1 9 3.00 - 0 .3 9 0 0
S18-TL-S1 1 8 - 1 9 3.00 - 0 .1 1 1 7
M 1 2-TL-S1 1 2 - 1 3 1.40 - 0 .0 2 1 7
M 6-TH -S1 7 - 8 7.19 0.5967
M 12-TH -S1 1 2 - 1 3 10.30 - 0 .4 1 2 5
P6-TL-S1 7 - 8 68.42 0.1342
P6-TH -S1 7 - 8 654.26 0.4208
Table 48: Data for thickness loss of PC from field samples - tidal
Sample Range of period immersed (months) H2S average (ppm) Thickness loss (mm)
S6-TH -G 1 7 - 8 3.66 0.9425
S6-TL-G 1 7 - 8 3.90 0.2750
S12-TL-G 1 1 2 - 1 3 2.37 0.5775
S12-TH -G 1 1 2 - 1 3 3.01 0.6942
S18-TH -G 1 1 8 - 1 9 3.00 0.1017
S18-TL-G 1 1 8 - 1 9 3.00 0.1800
M 12-TL-G 1 1 2 - 1 3 1.40 0.2350
M 6-TH -G 1 7 - 8 7.19 0.3958
M 12-TH -G 1 1 2 - 1 3 10.30 disfigured
P 6-TL-G 1 7 - 8 68.42 0.3642
P6-TH -G 1 7 - 8 654.26 - 4 .4 5 5 0
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